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ABSTRACT 
The Gulf of Maine, a semi-enclosed sea on the east coast of North America, has been 
warming faster than most of the rest of the world’s oceans over the last three decades. Since the 
installment of the Boothbay Harbor (Maine) sea surface temperature (SST) record in 1905, 
surface waters have warmed by more than 2°C, with more rapid warming seen recently. 
However, it is unclear when this pronounced warming in the Gulf of Maine began or whether the 
warming in recent decades is the result of natural variability, anthropogenic causes, or a 
combination of both. Such considerations are not only of grave concern for Gulf of Maine 
ecosystems and the many economically important fisheries in the region but also for other 
regions of the world’s oceans that are predicted to warm in the future with anthropogenic climate 
change. 
This dissertation uses stable and radiogenic isotopes, in both the modern waters of the 
Gulf of Maine and preserved Arctica islandica shells collected in the western Gulf of Maine, in 
order to reconstruct hydrographic variability in the region from several centuries before the 
instrumental record began up until present day. Isotopic investigations (d18Owater, d15NNO3-, 
d18ONO3-) of modern water samples collected at varying depths throughout the Gulf of Maine 
enable a better understanding of factors, including ocean circulation and nitrogen cycling 
processes, which dictate isotopic systems in today’s waters. Such investigations lend both insight 
into modern processes, such as the presence of nitrification in the upper water column, as well as 
aid in the interpretation of isotopic variability preserved in the geologic record.  
Furthermore, d15N in periostracum (the brown, protein rich layer on the outside of shells) 
of A. islandica shells is investigated as a new proxy for d15N and therefore water mass source 
variability. Using compound specific nitrogen isotopes of amino acid, we show that this proxy 
ix 
can be used in place of carbonate d15N to track changes in d15N of the clam diet and therefore 
d15N of nitrogen substrates in the water. Such findings enable a much higher resolution record of 
d15N in the Gulf of Maine through time than would be possible using d15N measured in 
carbonate. These analyses also suggest that the clams have not changed trophic level 
significantly over the last 300 years. 
Finally, this dissertation presents a 300-year reconstruction of hydrographic variability in 
the Gulf of Maine from crossdated A. islandica shells. Oxygen isotopes (d18O) and nitrogen 
isotopes (d15N) were measured in these shells and combined with radiocarbon (D14C) data from 
an earlier study. These latter two isotopic systems have been shown by others to vary with the 
major water masses that compose Gulf of Maine waters, with Warm Slope Water (WSW; 
originating from south of the Gulf of Maine) having lower d15N and higher D14C than Labrador 
Slope Water (LSW; originating in the Labrador Sea). Thus, these water mass tracers serve to 
distinguish among the different water masses entering the Gulf of Maine through time. 
Additionally, d18O varies with temperature, assuming a constant d18O of the water, and therefore 
is likely to also vary between warmer WSW and colder LSW. 
The d18O data, which have statistically significant correlations with the nearby Boothbay 
SST record that extends back to 1905, suggest that the Gulf of Maine has been warming since the 
1870s, following a cooling of the region coming out of the Little Ice Age. SST output from a 
Community Earth System Model-Last Millennial Ensemble (CESM-LME) multi-ensemble mean 
for the region shows similar trends and suggests external forcing mechanisms for these changes. 
Likewise, the d15N and D14C reconstructions record comparable changes to the d18O record after 
the 1840s and therefore suggest, assuming isotopic signatures of water mass endmembers are 
constant, that the warming seen in the Gulf of Maine since the 1870s is in part a result of changes 
x 
in the proportion of water masses entering the Gulf of Maine, with increasing northward flowing 
WSW entering the region over the last century. Such findings, coupled with statistically 
significant correlations between the d18O record and instrumental records of Florida Current 
strength and the Atlantic Meridional Overturning Circulation (AMOC) instrumental array at 
26°N, suggest that recent changes in Gulf of Maine hydrographic variability can largely be 
attributed to changes in AMOC strength, which has been shown by several other 
paleoceanographic reconstructions to be weakening since the late 1800s due to increased 
freshwater flux into the northern North Atlantic.  The records presented here suggest that this 
weakening of the AMOC followed a strengthening out of the Little Ice Age in the mid-to-late 
1800s.
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CHAPTER 1.    GENERAL INTRODUCTION 
 
1.1 Introduction to Paleoclimate Science 
Changes to the global climate system, due to the increases in atmospheric carbon dioxide 
concentrations from the burning of fossil fuels and other anthropogenic influences, pose one of 
the greatest challenges facing modern society, both today and looking forward. Global 
temperatures are thought to have increased by approximately 1°C above preindustrial levels, 
with temperatures projected to reach 1.5°C above preindustrial levels between 2030-2052 in a 
business as usual scenario [IPCC, 2018]. Such warming has already had significant effects on the 
global climate system [e.g. Grosse et al., 2016; Melillo et al., 2017] and the species, including 
humans, and ecosystems that have evolved to live in this system [e.g. Barnett et al., 2005; 
Kordas et al., 2011; Robinson et al., 2009]. Increases in the frequency of extreme weather events 
(precipitation and temperature) have led to significant impacts on crop production [Lesk et al., 
2016] and wildfires [Abatzoglou and Williams, 2016]. Sea level rise has increased coastal 
flooding [Wdowinski et al., 2016] and had detrimental effects on important coastal ecosystems 
such as salt marshes [Crosby et al., 2016]. Many glaciers around the world are melting and 
retreating [Roe et al., 2016], leaving communities and ecosystems with reduced water resources 
[Carey et al., 2016] and exposing them to toxins deposited from the atmosphere and entrained in 
this melting glacial ice [Miner et al., 2019]. Extreme weather events are expected to increase 
frequency over the next century [IPCC, 2019a]. Global mean sea level is expected to rise 
between 0.43 m and 0.84 m by 2100 [IPCC, 2019b]. Many mountain glaciers are expected to 
disappear by 2100 with other glaciers losing between 22 to 80% of their mass [IPCC, 2019b].  
The projections of our climate in the next 50 to 100 years are made using advanced 
climate models, specifically models in the Coupled Climate Model Intercomparison Project 
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(CMIP), which provides a framework for evaluating climate models [IPCC, 2019a; b]. The 
climate models themselves use our latest understanding of the climate system, the interaction 
between different components of the climate system, and principles of physics in order to project 
climate into the future using different emissions scenarios. Such projections are critical to human 
society in order to both highlight the consequences of human actions today and what steps need 
to be taken in order to prevent the worst case scenarios revealed by these models as well as help 
to prepare for future climate scenarios that are likely given today’s behavior. Therefore, an in-
depth understanding of the global climate system, which is, needless to say, incredibly complex, 
is critical. We have made great strides towards understanding this climate system in the last 150 
years. We still have a lot to learn. 
Our current understanding of the drivers of the major climate events highlighted above as 
well as the IPCC predictions of the future global climate under various emissions scenarios stem 
from three major sources of data: instrumental records, climate models, and paleoclimate data. 
The longest continuous instrumental record available is the Central England temperature record 
that extends back to 1659 [Manley, 1974]. Instrumental records that are more global in scope do 
not exist before 1850 [Brohan et al., 2006], while spatially comprehensive and reliable climate 
datasets from satellites are not available until the first microwave sounding unit was launched in 
1978 [Yang et al., 2016], with a couple of exceptions such as the snow cover records derived 
from satellite photographs, which date back to 1966 [Matson, 1991]. Today, instrumental records 
come in many forms, from satellites measuring photosynthesis rates and soil moisture content to 
drifters and instrumental arrays in the ocean measuring ocean current strength. While 
representing the most reliable and accurate source of climate data, instrumental records are short 
compared to long-term climate trends and multi-decadal climate oscillations [Delworth and 
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Mann, 2000]. Furthermore, they provide little to no information on baseline climate conditions 
before the industrial revolution began around 1850 and therefore do not provide information on 
climate conditions unimpacted by human influences. 
Climate models help us to fill this gap in our understanding of the climate system by 
offering a valuable tool in both understanding how components of the global climate system 
interact on various timescales and predicting how the future climate system might behave under 
different emissions scenarios. Climate modeling, that is weather predictions based on numerical 
computation, was first proposed by Lewis Fry Richardson in his 1922 book [Richardson, 1922]. 
The work stems from ideas put forth by Svante Arrhenius [Arrhenius, 1896] and Vilhelm 
Bjerknes in the early 1900s. The first general circulation models were developed in the 1950s, 
with the first coupled atmosphere-ocean models developed at the NOAA Geophysical Fluid 
Dynamics Laboratory in the 1960s [Edwards, 2011]. These models utilize differential equations 
that incorporate physics, chemistry and fluid dynamic principles in order to model components 
of Earth’s climate system. Today, there are dozens of climate models around the world with 
varying grid sizes, boundary conditions, and climate components emphasized. While incredibly 
useful in understanding the Earth’s climate system, these models must be hindcast using climate 
data in order to test their accuracy in representing the climate system. Climate models are 
therefore limited by the climate data available. 
Therefore, paleoclimate data, that is data derived from components of the geologic record 
that preserve some aspect of climate variability, are crucial in our understanding of both the 
climate system today and in predicting future changes to that climate system. While people have 
pondered changes in climate for hundreds if not thousands of years, spurred in some cases by 
finding geologic evidence for past climates very different from modern climates, 
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paleoclimatology as a scientific discipline didn’t take off until the 20th century. The first 
Laboratory of Tree Ring Research was established at the University of Arizona in 1937 by A. E. 
Douglass [Speer, 2010]. Harold Urey was the first to note that isotopes, a proxy that is today 
often used to reconstruct past climates, might fractionate based on temperature and therefore 
could be used as a way to calculate past temperatures as recorded in rocks [Urey, 1947]. His 
research fellows took this initial theory and showed that oxygen isotopes in mollusk shells could 
indeed be used to calculate past temperatures [Epstein et al., 1951; Epstein et al., 1953] and that 
using oxygen isotopes derived from foraminifera could yield reconstructions of cold periods on 
Earth [Emiliani, 1955]. Shortly after these discoveries, scientists started investigating what the 
ice on Greenland and Antarctica could tell us about large fluctuations in climate. The Cold 
Regions Research and Engineering Laboratory (CREEL), led by Henri Bader, had drilled out 
almost a mile of ice on Greenland by 1966. Shortly thereafter, scientists began coring ice on 
Antarctica [Alley, 2000]. Also during the 1960s, scientists began to drill the ocean floor, at first 
as an attempt to reach the Mohorovičić discontinuity beneath the Earth’s crust and then later to 
study the sediments on the ocean floor [Normile and Kerr, 2003]. Today, this program is known 
as the International Ocean Discovery Program (IODP) and represents a collaboration of 26 
different countries. 
This was the start of paleoclimate research, which today spans a vast variety of 
techniques and samples, including increment widths in tree rings [e.g. Esper et al., 2002], taxa 
assemblages in sediment cores [e.g. Chistyakova et al., 2010], trapped ancient air in ice cores 
[Bender et al., 1997], and trace elements in speleothems [Fairchild and Treble, 2009]. Each 
paleoclimate research technique provides new information on past climate on Earth, which help 
climate scientists better understand current climate conditions and tune our models for future 
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predictions. But each technique also has its limitations and its assumptions required in order for a 
climate interpretation [for a review, see Jones et al., 2009].  
Dendrochronology is one of the most successful subdivision of paleoclimatology, with 
over 4,500 tree ring records from around the world stored in the International Tree-Ring Data 
Bank [Black et al., 2019]. These records include information on tree-ring widths [e.g. Esper et 
al., 2002], isotopic composition [Gray and Thompson, 1976; Helama and Oinonen, 2018], and 
wood density [e.g. Hughes and Garfun, 1994], all of which can inform scientists about past 
changes in temperature, precipitation, and atmospheric circulation patterns, amongst other 
climate variables [Martinelli, 2004]. In addition to the large variety of data that trees provide, 
they can also live for thousands of years [Schulman, 1958] and can be crossdated into 
chronologies by comparing growth increments to other trees within the same stand [Wigley et al., 
1987], meaning that trees can provide thousands of years worth of climate data [e.g. Feng and 
Epstein, 1994]. Tree records have also been used to reconstruct components of the ocean system, 
including sea surface temperature [Gray et al., 2004; Mann et al., 2008; Mann et al., 2009] and 
oceanic circulation strength [Rahmstorf et al., 2015]. While informative, these reconstructions 
have obvious shortcomings. Reconstructing the marine system using terrestrial proxies is 
particularly problematic because the oceans are dynamic environments that tend to be less well-
mixed than the atmospheres and therefore an individual marine proxy record is less likely to be 
as representative of a large geographic region as terrestrial proxy records [Cunningham et al., 
2013]. Therefore, networks of marine climate proxies are necessary for understanding ocean 
conditions, an understanding which is vital to interpreting Earth’s climate system given that 
oceans make up 70% of the Earth’s surface. 
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Marine sediment cores have provided much of our understanding of ocean conditions, 
including ocean circulation strength and position [e.g. Bond et al., 1997; McManus et al., 2004; 
Moffa-Sánchez et al., 2014; Thibodeau et al., 2018; Thornalley et al., 2018], ocean temperatures 
[e.g. Elderfield and Ganssen, 2000; Kim et al., 2002], glacial conditions [e.g. Gherardi et al., 
2009; Shackleton, 1987], and sea ice extent [e.g. Caissie et al., 2010; Stickley et al., 2009]. Such 
data are obtained through sediment grain size, sediment composition, and isotopic composition 
and assemblages of diatoms, foraminifera, and other planktonic organisms, among other proxies 
[e.g. Borreggine et al., 2017]. While central to marine paleoclimate research, sediment cores 
provide two primary challenges to fully understanding marine climatic conditions in the past. 
First, although sediment core records can extend for millennia and provide vital information on 
changes in ocean conditions over glacial cycles, most, especially deep sea cores, tend to be low 
resolution (1 cm of a sediment core could represent hundreds to thousands of years of time) due 
to slow sedimentation rates [Cunningham et al., 2013; Ljungqvist et al., 2012; Lyle, 2015]. 
Therefore, documenting and understanding higher frequency (annual to decadal) climatic 
variability in the oceans using sediment cores is challenging. Second, bioturbation is wide-spread 
in sediment cores. Such biological activity causes records of climatic changes in the sediment 
core to be dampened and/or distributed throughout the sediment core [Anderson, 2001; Pisias, 
1983]. Finally, sediment cores tend to have relatively high-dating errors associated with them. 
Sediment cores are dated using a variety of methods, including 14C, 210Pb, 10Be, and “wiggle-
matching”, where isotopic records are matched to known dates of climatic conditions and drivers 
[e.g. Amin et al., 1975; Jones et al., 2016; Kuwae et al., 2013]. These dating methods all have 
pros and cons but all have at least some dating error (tens to thousands of years) associated with 
them. Depending on the nature of the climate research, the low-resolution, high-dating error 
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nature of sediment cores may impede the investigation of paleoclimate questions. For example, 
when comparing marine sediment core proxies to terrestrial tree core proxies in order to evaluate 
the teleconnections between the marine and terrestrial climatic realms, it may be unclear whether 
changes seen in the high-resolution, low-dating error tree-ring records were driven by changes 
seen in the sediment cores or were the drivers of those changes. Thus the fundamental questions 
of feedbacks and connections in different components of the global climate system cannot be 
addressed with low-resolution, high-dating error proxies [Cunningham et al., 2013]. 
In recent decades, several high-resolution, low-dating error marine proxies have been 
developed, spurred on by the need for such proxies in order to better understand oceans in our 
past and their connection to the global climate system. In tropical regions, corals, many of which 
grow in annual or sub-annual increments and can be dated using cross-dating techniques similar 
to tree-ring research, have been used to reconstruct components of the marine system, including 
sea surface temperatures, nitrogen cycling processes, and ocean current dynamics. In subtropical 
to subpolar environments, crustose coralline algae and bivalve shells, including Arctica islandica 
shells, have been shown to be valuable marine climatic proxy records [Wanamaker et al., 2011]. 
This dissertation focuses on reconstructing paleoclimatic and paleoceanographic conditions in 
the western North Atlantic using this latter proxy: A. islandica shells. 
 
1.2 Introduction to Late Holocene Paleoclimate Research in the North Atlantic Ocean 
The research presented here contributes to a growing number of high-resolution, 
paleoclimate studies from the last 2000 years in the North Atlantic that have been carried out 
over the last couple of decades, as reviewed in Moffa‐Sánchez et al. [2019]. The focus on the 
North Atlantic in part stems from historical records that exist in Europe which document changes 
in climate from a mild Medieval Climate Anomaly (MCA, ~950-1250) into a cold Little Ice Age 
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(LIA, ~1300-1850), which in turn have dramatic effects on European society [Zhang et al., 
2011]. It also stems from the hypothesis that changes in North Atlantic circulation contributed to 
these climate regimes [Lund et al., 2006; Moffa-Sánchez et al., 2014; Trouet et al., 2009; Trouet 
et al., 2012; Wanamaker et al., 2012], although it is generally thought that solar intensity 
[Steinhilber et al., 2009], volcanic forcings [Gao et al., 2007; Sicre et al., 2011], and likely sea 
ice feedbacks [Miller et al., 2012] were the main drivers.  
The knowledge that North Atlantic circulation plays a large role in the global climate 
system is not new, as it has been known for some time that deep water formation in the Labrador 
and Nordic Seas in part drive global ocean circulation [Broecker, 1991], responsible for 
redistributing heat around the world, from the tropics to the poles [Visbeck, 2002]. Disturbances 
to this deep-water formation are thought have triggered several major climate events over the last 
20,000 years, including the Younger Dryas event [Broecker et al., 1989; Murton et al., 2010] and 
the 8.2 kya event [Alley et al., 1997].  
The synthesis of paleoclimate records from the last 2000 years in the North Atlantic 
presented by Moffa‐Sánchez et al. [2019] reveals the challenges of reconstructing past conditions 
of such a dynamic system. While some patterns emerge from these records, there are many 
records that offer conflicting records of conditions in the North Atlantic over the last two 
millennia. Records that do present a cohesive picture include those near East Greenland and 
North Iceland, which suggest cooling conditions over most of the last 2000 years through diatom 
assemblages [Jiang et al., 2005; Jiang et al., 2015; Ran et al., 2011], alkenones [Sicre et al., 
2008; Sicre et al., 2011] and oxygen isotopes measured in bivalve shells [Reynolds et al., 2016] 
and increased sea/drift ice from IP25 [biomarker produced by diatoms living in sea ice; Cabedo-
Sanz et al., 2016; Massé et al., 2008] and percent Quartz [Moros et al., 2006] in sediment cores. 
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These cooling conditions may be linked to increased polar waters as evidence from reservoir 
ages measured via radiocarbon values of bivalves suggest increases in older, northerly waters 
over the millennium, with a possible shift towards more Atlantic sourced waters after the 
industrial revolution [c. 1850 C.E.; Eiríksson et al., 2004; Eiríksson et al., 2011; Wanamaker et 
al., 2012].  
Regions of the North Atlantic where oceanographic reconstructions do not agree as well 
include the western North Atlantic shelf, the region of study for this dissertation. Geochemical 
analyses of foraminifera suggests warming of the Carolina Slope over the last 2000 years 
[Saenger et al., 2011] while other studies farther north, including oxygen isotopes measured in 
bivalves from the Gulf of Maine [Wanamaker et al., 2008a] and alkenone records form the 
Virginia Slope, Laurentian Fan, and Scotian Margin [Sachs, 2007], suggest the western North 
Atlantic has been cooling over at least the last 1000 years [Wanamaker et al., 2008a] and 
possibly over much of the Holocene [Sachs, 2007]. An ostracod Mg/Ca record from Chesapeake 
Bay shows the more recognizable Northern Hemisphere temperature pattern of a warm MCA 
(600-1,000 C.E.) followed by a cooler LIA [1100-1800 C.E.; Cronin et al., 2010]. Even within a 
relatively small region, such as the Scotian Shelf, there are sediment core records (including 
alkenone records, foraminifera assemblage records, and foraminifera geochemical records) that 
suggest little variability over the last 1600 years until a recent warming after the beginning of the 
industrial revolution [~1850 C.E.; Keigwin and Pickart, 1999; Keigwin et al., 2003], while other, 
similar records show a cooling trend with more abrupt cooling recently [Thornalley et al., 2018]. 
The discrepancies between these different records have been attributed to the complex ocean 
circulation dynamics present in the region and in particular may result from the dominance of the 
warm Gulf Stream or cool Labrador Current in a given region and the changes in the position of 
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these dominant currents through time [Moffa‐Sánchez et al., 2019; Thornalley et al., 2018]. The 
differences in contemporaneous records from the western North Atlantic shelf, while 
highlighting the challenges of working in this region of the North Atlantic, also emphasize the 
need for more proxy records of oceanic conditions from this area that can be calibrated with 
instrumental records. Additional proxy records will allow, among other interpretations, a better 
understanding of the position and changes in ocean currents through time.  
 
 
 
 
Figure 1.1. Map of the North Atlantic showing Arctica islandica habitat range (orange). 
Modified from Dahlgren et al. [2000]. 
 
1.3 Introduction to the Proxy Archive Arctica islandica Shells 
 
As mentioned in Section 1.1, A. islandica shells offer a high-resolution, zero dating-error 
(when crossdated) marine proxy for oceanic conditions in regions outside of the tropics in the 
North Atlantic Ocean (see Figure 1.1 for habitat map). A. islandica shells were first proposed as 
a paleoceanographic proxy in the 1990s [Weidman et al., 1994] and have since been used to 
construct multiple, multi-century records of oceanographic change through increment widths, a 
80°W 70°W 60°W 50°W 40°W 30°W 20°W 10°W 0° 10°E 20°E 30°E 40°E 50°E
20°N
30°N
40°N
50°N
60°N
70°N
80°N
11 
 
proxy for water temperature and food availability [Butler et al., 2010; Butler et al., 2013; Mette 
et al., 2016; Wanamaker et al., 2019], oxygen isotopes, a proxy for water density [Reynolds et 
al., 2016], radiocarbon isotopes, a proxy for water mass source [Wanamaker et al., 2012], and 
stable carbon isotopes, a proxy for marine dissolved inorganic carbon (DIC) carbon isotopes 
[Reynolds et al., 2017; see Section 1.4 for an introduction to the specific isotopic proxies used in 
this dissertation].  
 
 
 
A. islandica shells are a valuable marine proxy for several reasons. Their shells are 
precipitated in annual increments [Jones, 1980; Thompson et al., 1980; Weidman et al., 1994], 
which both allows for shells to be dated using crossdating techniques [Black et al., 2019], similar 
to those used in dendrochronology, and allows for annual-resolution proxy records, including 
growth-increment proxy records as well as proxy records derived from sampling the carbonate of 
Figure 1.2. Image of an Arctica islandica shell showing growth increments. A) The right valve 
of an Arctica islandica shell. White dashed line shows cross-section shown in B. B) A 
photomicrograph of an acetate peel of a cross-section of an Arctica islandica shell showing the 
two regions where annual increments, used to date and crossdate shells, precipitate: the margin 
(lower inset) and the hinge (upper inset). Annual increments are shaded in red and blue to 
distinguish individual years. Figure from Mette et al. [2016]. 
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these annual increments for geochemical analyses. Crossdating in A. islandica shells, much like 
in trees, relies on the fact that the annual increment widths in shells are determined by 
environmental factors, generally water temperature and food availability [Ballesta-Artero et al., 
2017; Wanamaker et al., 2019], and that all A. islandica living in the same region will experience 
similar environmental conditions and therefore have the same pattern of increment widths. This 
basic principle allows chronologies to be constructed using both live-caught shells, whose date of 
death is known and therefore whose increments can be assigned specific years, and dead-
collected shells, whose date of death is not known but can be determined by matching the 
increment width pattern to that of live-caught shells. A. islandica shells grow in annual 
increments in two distinct locations – along the hinge and along the margin of the shell (see 
Figure 1.2). This allows for intrashell verification of increment counting and measurement before  
intershell crossdating is performed. Such verification limits dating errors, allowing for little to no 
dating error as well as preserving high-frequency climate variability and extreme events 
otherwise lost with dating error [Black et al., 2016]. 
A. islandica shells are also valuable proxies because these grow in oxygen isotopic 
equilibrium [Mette et al., 2018; Weidman et al., 1994] and record changes in oceanic carbon 
[Beirne et al., 2012; Reynolds et al., 2017], and nitrogen [Whitney et al., 2019] isotopic systems 
(see Section 1.4 for a more detailed description of these systems). This fact means that these 
isotopes measured in A. islandica shells are representative of environmental isotopic signatures 
at the time of shell formation and therefore can be used to reconstruct past components of the 
oceanic and climatic systems. 
Additionally, A. islandica are the longest living, non-colonial animal known in the world 
[Butler et al., 2013; Wanamaker et al., 2008b] and therefore a single shell can provide centuries 
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of climate and oceanic data. This fact, combined with the large habitat range [Dahlgren et al., 
2000] and depth distribution [5-500 meters; Nicol, 1951] in the North Atlantic, make A. islandica 
an ideal paleoclimate archive.  
 
 
 
1.4 Introduction to Geochemical Proxies 
 
As alluded to above, one set of tools often employed in paleoclimate research is 
geochemical proxies i.e., the chemical composition of geological material which can aid in 
environmental interpretations of the past. These geochemical proxies include isotopes, both 
stable and radiogenic. Stable isotopes of the same element, having different numbers of neutrons 
and therefore different masses, fractionate (i.e., partition) differently during different reactions, 
allowing scientists to interpret past events and environmental conditions based on the ratio of 
heavy (i.e. more neutrons) to light (fewer neutrons) isotopes preserved in the proxy archive. 
Radiogenic isotopes, which decay (i.e. lose energy and breakdown into a different element) over 
time also allow for different interpretations of environmental conditions based upon the 
remaining amount of radioactive isotopes in the geologic material. 
This dissertation employs three different isotopic systems in the analysis of ocean 
conditions: oxygen isotopes, nitrogen isotopes, and radiocarbon isotopes. Oxygen isotopes are 
expressed using delta notation, which is calculated as follows: 
 
d 𝑂 =	
!"#$%&'
()
!"#$%&'
(* !
!"+#,-#.-
()
!"+#,-#.-
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!"+#,-#.-
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!"+#,-#.-
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× 1000"#       (1.1) 
 
Units are per mil (‰) and the standard varies depending upon the material being 
measured, with solid material measured against the standard of Vienna Pee Dee Belemnite 
14 
 
(VPDB) and water measured against the standard of Vienna Standard Mean Ocean Water 
(VSMOW). For this dissertation, oxygen isotopes are used in investigations of seawater 
(d18Owater; Chapter 2), dissolved nitrate (d18ONO3-; Chapter 2), and carbonate (Chapter 4). 
d18Owater varies with latitude [Craig, 1961] and degree of precipitation and evaporation (as well 
as glacial cycles on longer time scales than this dissertation addresses). As such, d18Owater is a 
conservative water mass tracer and can therefore be used to determine the origin of water 
masses. It also has a strong linear relationship with salinity, as shown in Chapter 2. d18ONO3- can 
help in the interpretation of nitrogen cycling processes when paired with d15NNO3-. d18O 
measured in carbonates that grow in isotopic equilibrium with seawater, such as A. islandica 
shells [Figure 1.3; Weidman et al., 1994], can provide information on seawater temperatures in 
the past, provided that the d18Owater is known (often inferred from d18Owater -salinity relationships 
e.g. Whitney et al. [2017]). The term isotopic equilibrium means that as a shell precipitates, the 
ratio of heavy to light isotopes in the shell is only influenced by the d18Owater and temperature and 
not other biological factors. In the case of carbonate shells, the heavy isotope (18O) is 
incorporated preferentially into the shell when compared to the lighter isotope (16O) at lower 
temperatures, with less fractionation occurring at higher temperatures due to greater energy 
availability [McCrea, 1950]. 
Nitrogen isotopes are expressed in a similar manner to d18O: 
d 𝑁 =	
/"#$%&'
(0
/"#$%&'
(1 !
/"+#,-#.-
(0
/"+#,-#.-
(1
/"+#,-#.-
(0
/"+#,-#.-
(1
× 1000"$       (1.2) 
Units are per mil (‰) and the standard used is Air. In this dissertation, nitrogen isotopes are used 
both to investigate nitrogen cycling in the water column through d15N in dissolved nitrate 
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(d15NNO3-; Chapter 2) as well as a water mass source variability through d15N preserved in the 
shell and periostracum of A. islandica (Chapters 3 and 4). Nitrogen isotopes in the water vary 
with nitrogen cycling processes present [e.g. Altabet and Francois, 1994; Brandes and Devol, 
2002; Marconi et al., 2015; Marconi et al., 2019] as they are fractionated during oxidation and 
reduction reactions. Hence, dissolved nitrate resulting from nitrogen fixation will have a different 
d15N value (lower) than dissolved nitrate present in water dominated by assimilation by 
phytoplankton or denitrification [e.g. Sigman et al., 2005]. Because of the control that different 
nitrogen cycling processes have on d15NNO3-, nitrogen isotopes in the water can also be used as a 
water mass tracer, including to reconstruct water mass source variability in the past [Lehmann et 
al., 2019; Sherwood et al., 2011]. 
 
Figure 1.3. Plot of water temperature versus d18O measured in Arctica islandica shells (d18Oc) 
minus water d18Ow (d18Owater; red markers). Data and figure are from Weidman et al. [1994]. The 
dashed line is the modified equation from the relationship between temperature and oxygen 
isotopes measured from mollusks from Grossman and Ku [1986]. 
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Much like nitrogen isotopes, radiocarbon isotopes can also be used as a water mass 
source proxy as differences in water column mixing and ventilation experienced by different 
water masses influences the radiocarbon signature in the water. 14C is formed in the upper 
atmosphere and is incorporated into dissolved inorganic carbon (DIC) in the oceans through 
surface atmosphere-ocean exchange [Broecker and Peng, 1982]. DIC of subsurface waters 
undergoes radioactive decay through time, reducing its concentration of 14C unless replenished 
by the atmosphere [Broecker and Peng, 1982]. Therefore, the 14C signature of DIC of a water 
mass depends on the degree to which that water mass has undergone ventilation with the 
atmosphere as well as advective and vertical mixing processes between water masses with 
different 14C signatures [Alves et al., 2018; Druffel, 1997; Mahadevan, 2001; Scourse et al., 
2012; Toggweiler et al., 1991; Wunsch, 1984]. Certain marine organisms, including A. islandica 
[Weidman and Jones, 1993], incorporate the 14C signatures of the DIC of the waters in which 
they live through time as they precipitate their calcium carbonate (CaCO3) skeletons [Adkins et 
al., 2002]. If the age of the organism can be independently determined [i.e., through radioactive 
dating methods or crossdating methods -  Black et al., 2016 - in order to factor in radioactive 
decay since the skeleton formed], the 14C of the DIC of the water can be determined [e.g. 
Sherwood et al., 2005; Wanamaker et al., 2012] and therefore can be used as a water mass tracer, 
as has been done in this dissertation.  
Age-corrected D14C (hereafter referred to as D14C), as defined by Stuiver and Polach 
[1977], allows for ease of comparison between marine organisms and water and takes into 
account the amount of time that has passed between the year of formation of the material 
measured and the year that that material is measured. D14C is defined as follows: 
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Fm is fraction modern, which defines the percent difference of a sample compared to 
95% (due to a change in standards from the original) of the radiocarbon concentration of the 
standard NBS Oxalic Acid I, which is itself normalized to a d13C value of -19‰ [Olsson, 1970]. 
l is defined as 1/(true mean life). The true mean life for radiocarbon is 8267 years. y is defined 
as CE 1950 and x is defined as the year that the material sampled formed, which in the case of A. 
islandica shells can be determined through crossdating [Black et al., 2016; Black et al., 2019]. 
D14C is expressed in per mil (‰) units.  
 
 
1.5 Overview of Dissertation 
 
This dissertation addresses the following primary research questions: how has 
hydrographic variability changed in the Gulf of Maine, a semi-enclosed sea in the western North 
Atlantic, over the last 300 years and what is driving these changes? As described in detail in the 
following chapters, the Gulf of Maine, an economically and ecologically important region, is 
warming faster than most of the rest of the world’s oceans [Pershing et al., 2015] and as such it 
is critical to gain a better understanding of the causes for this warming and the significance and 
uniqueness of this warming in the last 300 years. As the Gulf of Maine sits in the region where 
two major oceanic currents, the Labrador Current and the Gulf Stream, meet, understanding 
changes in water properties in the Gulf of Maine and what is driving these changes also has 
implications for oceanic conditions in the broader western North Atlantic shelf through time.  
This dissertation approaches the above research question through modern system analysis 
(Chapter 2), proxy development (Chapter 3), and, finally, Gulf of Maine hydrographic 
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reconstructions (Chapter 4). Each chapter has been written to be a stand-alone journal article, 
which has been submitted or will be submitted to a peer-reviewed, scientific journal. Chapter 2 is 
entitled “Using stable isotopes as tracers of water masses and nutrient cycling processes in the 
Gulf of Maine.” The chapter looks at d18Owater, d18ONO3-, and d15NNO3- of modern water samples 
taken in the Gulf of Maine during an eight day research cruise. The data indicate, among other 
findings, the potential presence of nitrification occurring in the upper water column in the Gulf 
of Maine. This work to evaluate modern isotopic systems is necessary in order to interpret 
isotopic signatures preserved in geological records, such as A. islandica shells, from the past.  
Chapter 3 is entitled “Paired bulk organic and individual amino acid d15N analyses of 
bivalve shell periostracum: A paleoceanographic proxy for water source variability and nitrogen 
cycling processes.” This chapter has been published in the journal Geochimica et Cosmochimica 
Acta [Whitney et al., 2019]. This chapter investigates the periostracum - the outer, protein rich 
layer of A. islandica shells - as a proxy for nitrogen composition of water. As part of this study, 
the amino acid composition of periostracum and the nitrogen isotopes of those amino acids are 
investigated. Termed compound specific isotopic analysis of amino acids (CSIA-AA), this 
technique has emerged in recent years as a powerful tool for analyzing carbon or nitrogen 
isotopes. In the case of nitrogen isotopes, it can be used to look at changes in the trophic level of 
the organism through time, knowledge which is critical in order to interpret reconstructions of 
nitrogen isotopes in a particular environment. The conclusions from this chapter demonstrate that 
periostracum can be used as a new, powerful, high resolution proxy for recording nitrogen 
isotopes in water through time. 
Finally, Chapter 4 is entitled “When did the Gulf of Maine start warming?” The Gulf of 
Maine is warming faster than most of the rest of the world’s oceans and has been warming since 
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before instrumental records started recording temperatures within the Gulf of Maine in 1905. 
When this warming began, what triggered this warming, and what continues to drive this 
warming today are necessary questions to answer in order to better understand hydrographic 
drivers in this region and project future conditions in the Gulf of Maine. Chapter 4 combines 
three different geochemical proxies, d18O, D14C, and d15N, measured in A. islandica shells dated 
back to the late 1680s in addition to sea surface temperature modeling output from the 
Community Earth System Model-Last Millennial Ensemble (CESM-LME) for the Gulf of Maine 
region in order to answer the above questions. In this chapter, d18O measured in Arctica 
islandica is a proxy for seawater temperature (d18O of the water is assumed constant). Both D14C 
and d15N are used as proxies for water mass source as the different major slope water masses 
entering the Gulf of Maine have different D14C and d15N due to differences in ventilation and 
nitrogen cycling, respectively. Proxies for water mass source along with CESM-LME SST 
output allow for an assessment of potential drivers of these water temperature changes. Our data 
suggest the Gulf of Maine began warming in the 1870s, driven in large part by more southern 
sourced water entering the region, likely due to externally forced changes in ocean circulation 
patterns.   
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Abstract 
 
The rapid marine environmental change seen today can be difficult to fully document and 
interpret without adequate, spatially, and temporally comprehensive baseline datasets of 
hydrographic properties. Such datasets can be rare in certain areas, given the challenging nature 
of sampling the world’s oceans. Here we present isotope data measured in water samples 
collected during a nine day research cruise in October, 2016 throughout the Gulf of Maine, one 
of the fastest warming regions of the world’s oceans.  
A comparison of the d18O of the water (d18Owater) and salinity data reveal that water 
samples fall on a very tight, linear mixing line between fresher shelf water and saltier slope 
waters, with the freshwater endmember originating from much higher latitudes (i.e., the Gulf of 
St. Lawrence and the Labrador Sea). Subtle differences in freshwater endmembers are observed 
between the three different deep water basins in the Gulf of Maine. These differences are likely 
reflecting more Scotian Shelf Water bypassing Georges Basin and influencing Jordan Basin and 
more Maine River Water influencing Wilkinson Basin, both at the surface and at depth through 
Maine Intermediate Water, formed from winter convective mixing of Maine River Water down 
to depth. Additionally, these water samples have lower d18Owater values for a given salinity value 
than previously published values of marine water mass endmembers. This offset may be related 
to systematic changing water mass endmember values or year to year variability. The differences 
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may also reflect changes in the proportion of different water masses in the region: the similarity 
between these mixing lines and a previously published Scotian Shelf mixing line suggests the 
possibility of increased Scotian Shelf water in the Gulf of Maine. More data are needed to test 
these hypotheses. 
Nitrogen and oxygen isotopes of dissolved nitrate (NO3-; d15NNO3- and d18ONO3-, 
respectively) measured in the water samples suggest a strong influence of phytoplankton 
assimilation near the surface in both isotopic systems. Combining these two datasets using D(15, 
18) to look at the rates of fractionation between the two isotope systems reveals potential water 
column nitrification above 100 meters in most places in the Gulf of Maine. This finding provides 
support for previous hypotheses of water column nitrification in the Gulf of Maine based on 
nutrient distribution and nitrogen box modeling. However, these calculations rely on the 
assumption that all nitrate is sourced from deeper waters. It is possible these results are instead 
caused by NO3- from different sources at the surface and therefore do not necessarily indicate the 
presence of nitrification. 
 
2.1 Introduction 
 
The Gulf of Maine is changing dramatically. This area has been one of the fastest 
warming regions of the world’s oceans over the last several decades, due to both surface 
warming as well as changes in ocean currents as the result of a warming Arctic [Pershing et al., 
2015]. Ocean acidification also poses a severe threat to the many fisheries in the region [Gledhill 
et al., 2015], as does decreased dissolved oxygen content [Claret et al., 2018]. Understanding 
how Gulf of Maine ecosystems will be impacted by continued changes requires an in-depth 
understanding of how the many components of the Gulf of Maine ecosystem interact and behave, 
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both today and in the past. Two components of these ecosystem interactions are water mass 
origin and nitrogen cycling processes. This study seeks to better understand these two 
components of the modern day Gulf of Maine hydrographic system using stable isotopes 
measured in water samples taken from throughout the Gulf of Maine region.  
The Gulf of Maine is a semi-enclosed sea on the east coast of North America and a 
highly productive region of the world’s oceans [Figure 2.1; Townsend et al., 2015]. The Gulf of 
Maine is fed primarily by nutrient rich slope waters, which mix outside of the Gulf of Maine and 
enter at depth through the Northeast Channel [Bigelow, 1927; Ramp et al., 1985; Smith et al., 
2001], and Scotian Shelf Water (SSW), entering at the surface around Caple Sable, Nova Scotia 
[Gatien, 1976]. Deep slope waters are composed of Warm Slope Water (WSW), which forms 
adjacent to the Gulf Stream and is a mixture of Gulf Stream waters, shelf waters, and North 
Atlantic Central Water [Gatien, 1976; Townsend et al., 2015] and Labrador Slope Water (LSW), 
which originates in the Labrador Sea and is transported southward via the Labrador Current 
[Gatien, 1976]. SSW is composed of LSW, St. Lawrence River Water and Labrador Shelf Water. 
Surface circulation in the Gulf of Maine is largely cyclonic, with coastal circulation primarily 
consisting of the Eastern Maine Coastal Current, which turns off shore near the mouth of the 
Penobscot River, and the Western Maine Coastal Current [Pettigrew et al., 2005]. The Gulf of 
Maine has three deep (275-400 meters deep) ocean basins, including Georges Basin, near the 
Northeast Channel entrance to the Gulf of Maine, Jordan Basin to the east, and Wilkinson Basin 
to the west (Figure 2.2). Deep slope waters first enter Georges Basin before flowing into the 
other two basins. Slope waters and surface waters are mixed  through various physical means, 
including tidal mixing, storm mixing, and winter convective mixing [Hopkins and Garfield, 
1979]. Such mixing results, among other outcomes, in Maine Intermediate Water, which mixes 
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Maine River Water down to depth during winter convective mixing, and traps it here during the 
following summer months [Hopkins and Garfield, 1979].  
 
 
 
Figure 2.1. Map of the northwest Atlantic Ocean showing the origin of different water masses 
influencing Gulf of Maine waters and the major ocean currents in the region (white arrow: Gulf 
Stream; black arrows: Labrador Current). Water masses include Arctic River Water [ARW; 
Khatiwala et al., 1999], Labrador Shelf Water [LShW; Khatiwala et al., 1999], St. Lawrence 
River Water [SLRW; Khatiwala et al., 1999], Labrador Slope Water [LSW; Chapman et al., 
1986], Scotian Shelf Water [SSW; Chapman et al., 1986; Smith, 1983], Warm Slope Water 
[WSW; Gatien, 1976], Maine River Water [MRW; Fairbanks, 1982]. Figure modified from 
Whitney et al. [2017] 
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Figure 2.2. Map of the Gulf of Maine showing bathymetry and the location of the stations from 
which water samples were taken, both at the surface and at depth. Numbers indicate station 
numbers as designated during the cruise (stations were visited in numerical order). Figure 
modified from Switzer et al. [in revision]. 
 
There have been several studies using d18Owater to look at water sources and water mass 
mixing in the Gulf of Maine and surrounding region [Chapman et al., 1986; Chapman and 
Beardsley, 1989; Fairbanks, 1982; Houghton and Fairbanks, 2001; Khatiwala et al., 1999; 
Whitney et al., 2017]. These studies suggest freshwaters originating from high latitude locations, 
except for very coastal locations, where waters are heavily influenced by Maine River Water 
[Whitney et al., 2017]. The d18Owater studies, while informative, suffer from a lack of 
comprehensive spatial coverage as most of these studies include only one or two transects that 
penetrate only part way into the Gulf of Maine [Chapman et al., 1986; Houghton and Fairbanks, 
2001; Khatiwala et al., 1999] while Fairbanks [1982] only present data from one location 
(Wilkinson Basin) and Whitney et al. [2017] present data only from coastal locations. The 
addition of the data presented in this study, which are taken from 44 different locations 
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throughout the Gulf of Maine (Figure 2.2) over a nine day period, allows both for a more 
spatially comprehensive survey of Gulf of Maine d18O values as well as an analysis of the 
stability of source water d18Owater through recent times.  
Water mass origins in the Gulf of Maine have also been assessed in terms of nutrient 
concentrations and in particular nitrogen abundance and nitrogen cycling processes. The majority 
of “new” nutrients in the Gulf of Maine enter the Gulf of Maine in slope waters through the 
Northeast Channel. WSW has relatively high nutrient concentrations, including nitrate (NO3-) 
concentrations >23 µM, compared to those of LSW, which are closer to 16-17 µM [Townsend 
and Ellis, 2010; Townsend et al., 2014]. Strong tidal mixing close to the Bay of Fundy brings 
these high nutrient waters to the surface [Townsend et al., 1987]. These waters are then carried to 
the western Gulf of Maine via the coastal current and provide much of the nutrients for the 
biological productivity in the area. Estimates of the percentage of the new nitrogen transported at 
depth into the Gulf of Maine via slope waters that is upwelled to the surface range between 23% 
[Townsend, 1998] and 44% [Townsend et al., 1987], with lower estimates suggesting that SSW is 
equally as important as slope water in providing nutrients for primary production in surface 
waters [Townsend, 1998]. 
There have been several nitrogen budgets suggested for the Gulf of Maine over the last 
several decades [Christensen et al., 1996; Schlitz and Cohen, 1984; Townsend, 1991; Townsend, 
1998]. The most thorough of these nitrogen budgets was performed by Townsend [1998], who 
used a box model to show nitrogen cycling in the Gulf of Maine and suggest that NO3- must in 
part be coming from internal water column nitrification. Townsend showed that the flux of 
nitrogen from external sources (WSW, LSW, SSW, Maine River Water and atmospheric 
deposition) to Gulf of Maine surface waters was only enough to support 59 gC m-2 yr-1 of new 
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primary productivity, 20% of the estimated total primary production in the Gulf of Maine. The 
ratio of this NO3- to recycled ammonia is much lower than would be expected for a productive 
region such as the Gulf of Maine. These results therefore suggest that a source of NO3- is missing 
from the box model. Townsend suggests that this source is water column nitrification below the 
surface layer but notes that such nitrification must be investigated in the water column. Benitez-
Nelson et al. [2000] supported this hypothesis by using the radionuclide 7Be and NO3- plus nitrite 
profiles to show that vertical eddy diffusion in the western Gulf of Maine, which bring nutrients 
including NO3- formed from nitrification into the surface waters, was enough to support the 
export flux of particulate organic carbon (i.e. biomass from primary production) the authors 
calculated for the western Gulf of Maine using 234Th. To our knowledge, further field studies of 
water column nitrification processes in the Gulf of Maine have not been performed.  
Here we present isotopic data from water samples collected in the Gulf of Maine in 
October, 2016. These data offer a snapshot of water conditions towards the end of the productive 
season in the Gulf of Maine. The goals of this study were to: (1) Investigate water mass source 
and mixing and (2) nitrogen cycling within the Gulf of Maine.  
 
2.2 Methods 
 
Water samples were collected during a nine day research cruise conducted from October 
4-12, 2016 on the NOAA ship Pisces. Samples were obtained from 44 different sampling stations 
(see Figure 2.2) at various depths from the surface to the seafloor using a carousel sampler with 
12 different Niskin bottles and attached to a SeaBIRD 911 CTD. This cruise occurred during a 
period when waters were still stratified before seasonal overturning, as evidenced from 
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temperature profiles taken during the cruise showing the clear presence of a thermocline in most 
locations [see Switzer et al., in revision]. 
Sampling depths were chosen so that higher resolution (5-10 m) could be obtained in the 
surface mixed layer. Deeper waters were sampled every 50 meters. For ease of comparison 
between different regions in the Gulf of Maine, sampling stations have been grouped into region 
based on their location in one of three deep water basins in the Gulf of Maine. Wilkinson Basin 
region samples are those collected at stations 5-7. Jordan Basin region samples are those 
collected at stations 19-24. Georges Basin region samples are those collected at stations 34-43. 
All other samples are grouped together but come from a range of regions across the Gulf of 
Maine not in one of the three major Gulf of Maine basins.  
Salinity (via conductivity) and dissolved oxygen were measured in situ using the SeaBird 
911 CTD with auxiliary sensors. Water samples were collected from depth in Niskin bottles and 
transferred to triple seawater rinsed Thermo Scientific Nalgene 4 Oz natural hdpe plastic wide 
mouth leakproof bottles. Parafilm was secured around the cap of each bottle to help prevent 
evaporation. Samples designated for d18Owater analyses were stored in containers in the wet lab of 
the boat. Samples designated for d15NNO3- and d18ONO3- were immediately placed in a walk-in 
freezer set at -8°C. Once back at port, samples were overnight shipped to the Stable Isotope Lab 
at Iowa State University. Frozen samples were shipped in coolers with additional ice added and, 
upon arrival, immediately placed back in a freezer.  
Additionally, two freshwater samples were collected from the Kennebec River 
(44.013367°, –69.831106°) in November and December of 2016. Samples were hand collected 
and stored in Thermo Scientific Nalgene 4 Oz natural hdpe plastic wide mouth leakproof bottles. 
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Samples were shipped on dry ice to Iowa State University and processed in the same way as the 
other sea water samples as detailed below.  
Once at Iowa State University, samples designated for d18Owater were stored in the 
temperature controlled laboratory (kept at 18°C) and then analyzed using a Picarro L2130-I 
Isotopic Liquid Water Analyzer with attached autosampler. Three different isotopic reference 
standards, VSMOW, USGS 48, and USGS 47, were used. At least one reference standard sample 
was used per 5 samples. The average combined uncertainty (analytical and average correction 
factor) was ±0.20‰ (2s). The correlation between d18Owater and salinity data was determined 
used simple linear regression and Pearson’s correlation coefficient and associated p values (df = 
n-2, significant at p<0.05). 
Samples designated for isotopic analysis (d15N and d18O) of dissolved NO3- were first 
melted at Iowa State University and filtered through a 0.2 µm pore filter (Sartorius Minisart high 
flow syringe sterile PES membrane) to remove any NO3- consuming bacteria present. 
Subsequently, water samples were treated with sulfamic acid (ACS grade, 99.3-100.3%) to 
remove any nitrite following the procedures outlined in Granger and Sigman [2009]. Nitrite can 
have significantly lower d15N values than NO3- and therefore can impact the interpretation of any 
d15N data if present and not removed. Briefly, glassware was acid washed and baked at 500°C. 
60 ml of sample were treated with 600 µL of 0.4M sulfamic acid (made using 10% v/v HCl) to 
reduce the pH to between 1.6 and 1.8, which is necessary to reduce nitrite to N2 and therefore 
remove it from the sample. After the reaction was allowed to occur for at least 5 minutes, 
samples were neutralized by adding 2M NaOH to the sample to return the sample to a pH of 7 
(±0.5). Approximately 310 µL of NaOH were added to each sample but the exact amount of 
NaOH varied by sample and was determined using a pH meter. Samples were then refrozen, put 
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on dry ice and shipped overnight to the University of California Davis Stable Isotope Facility. 
Samples were analyzed for d15NNO3- and d18ONO3- using the bacterial denitrification assay method 
as outlined by Sigman et al. [2001] and Casciotti et al. [2002], respectively. Isotopes were 
measured using a Thermoscientific Delta V Plus isotope ratio mass spectrometer coupled to a 
ThermoFinnigan GasBench + PreCon trace gas concentration system. Seven different reference 
standards were used to correct samples and report values on the international scale, Air: USGS34 
KNO3, USGS35 NaNO3, Acros KNO3, Fisher KNO3, Strem KNO3, New Acros KNO3, and 
IAEA-NO-3 KNO3 (not used on all samples). Average analytical uncertainty (2s) was ±0.5‰ 
for d15NNO3- and ±0.3‰ for d18ONO3-.  
In order to assess the extent to which nitrification is occurring in the Gulf of Maine, we 
used the following equation for D(15, 18), first proposed by Sigman et al. [2005]: 
 
D(15, 18)  = (d15NNO3--d15Nm)-(15e/18e)x(d18ONO3--d18Om)    (2.1) 
 
d15Nm and d18Om are mean d15N and d18O of dissolved NO3- in deep source waters, 
respectively. In this case, we use average values for samples taken at and below 100 meters, 
where d15NNO3- and d18ONO3- remain relatively constant with depth. 15e/18e is the ratio of isotope 
fractionation factors for nitrogen and oxygen, respectively, for assimilation, which is taken to be 
1 here after Granger et al. [2004]. The equation was originally derived by Sigman et al. [2005] 
to investigate isotope fractionation related to denitrification and nitrogen fixation but has been 
adapted here to investigate surface waters, where assimilation is the primary influence on 
isotopic fractionation, after Wankel et al. [2007]. The propagated ([a2+b2]1/2) uncertainty for 
D(15, 18), calculated using the uncertainty associated with d15NNO3- and d18ONO3-, is ±0.6 (2s). 
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Figure 2.3. Salinity (left) and d18Owater (right) data with depth. Colors indicate region where the 
sample is taken from. Lines indicate samples taken at the same station (i.e. during the same CTD 
cast). d18Owater combined uncertainty (2s) is ±0.2‰ .  
 
 
Figure 2.4. d18Owater and salinity data for this study (left) and mixing lines from the Gulf of 
Maine (right). Colored markers indicate region where the sample was taken from. Mixing lines 
(linear regression lines) of the same color are shown for the three major basins on right. The 
three major water masses in the Gulf of Maine (Warm Slope Water, Labrador Slope Water, and 
Scotian Shelf Water) are plotted on right using data gathered from the literature by Khatiwala et 
al. [1999] (Warm Slope Water and Labrador Slope Water) and Chapman et al. [1986] (Scotian 
Shelf Water). Previously published Gulf of Maine mixing lines from Fairbanks [1982], 
Houghton and Fairbanks [2001], and Whitney et al. [2017] are plotted for comparison. d18Owater 
combined uncertainty (2s) is ±0.2‰ .  
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2.3 Results 
 
2.3.1 d18Owater 
In general, Wilkinson Basin has the freshest and lowest d18Owater water throughout the 
water column with Georges Basin having the most saline and highest d18Owater water (Figure 
2.3). Salinity- d18Owater mixing lines of water samples collected during the cruise reveal a high 
correlation between salinity and d18Owater for all water samples (r=0.96, n=324, p<0.0001). All 
mixing lines show two end member mixing between slope waters and a freshwater end member 
(Figure 2.4). A generic Salinity- d18Owater mixing line formula is as follows:  
 
d18O = b0+b1*Salinity         (2.2) 
 
b0 is the y intercept and b1 is the slope. See Table 2.1 for these parameters for various locations 
throughout the Gulf of Maine. 
Table 2.1. b0 and b1 for Salinity- d18Owater mixing lines for different regions of the Gulf of Maine 
from data presented in this study. 
Region b0 b1 
All stations -17.32 0.50 
Georges Basin -17.23 0.49 
Jordan Basin -18.24 0.52 
Wilkinson Basin -16.56 0.47 
 
 
2.3.2 d15NNO3- and d18ONO3- 
Both d15NNO3- and d18ONO3- values are higher above approximately 100 meters water 
depth and relatively constant below 100 meters (Figure 2.5) for all locations sampled. At 100 
meters and deeper, d15NNO3- averages 5.1±0.5‰ (2s, n=64) while d18ONO3- averages 2.1±0.5‰ 
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(2s, n=59). At depths shallower than 100 meters, both isotopic signatures are more variable, with 
d15NNO3- averaging 6.6±2.8‰ (2s, n=70) while d18ONO3- averages 4.7±4.6‰ (2s, n=65). The two 
freshwater samples collected in November and December had a d15NNO3- value of 5.45 ‰ (Air) 
and a d18O NO3- value of 5.40 ‰ (VSMOW).  
 
Figure 2.5. d15NNO3- (left) and d18ONO3- (right) with depth in the Gulf of Maine. Colors indicate 
region where the sample is taken from. Lines indicate samples taken at the same station (i.e. 
during the same CTD cast). Long-term, average analytical uncertainty (2s) is ±0.5‰ for d15N 
and ±0.3‰ for d18O. 
 
 
 
2.3.3 d15NNO3- : d18ONO3- relationship (D(15, 18)) 
Average values for d15NNO3-  (5.1‰) and d18ONO3- (2.1‰) below 100 meters were used 
for d15Nm and d18Om, respectively, in the D(15, 18) calculation (Equation 2.1). Calculated D(15, 
18) result in negative values for water samples above approximately 100 meters, with values 
closer to 0 below 100 meters at most locations (Figure 2.6). There are a couple of exceptions to 
this general trend, with Wilkinson Basin showing negative values between 100 and 50 meters 
depth but values close to 0 at 25 meters depth. Additionally, several stations from the western 
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shelf region of the Gulf of Maine (stations 1, 2, and 9) have positive D(15, 18) values at 
shallower depths.  
 
Figure 2.6. D (15, 18) of dissolved NO3- in the Gulf of Maine (see text for calculation and 
description). Colors indicate region where the sample is taken from. Lines indicate samples taken 
at the same station (i.e. during the same CTD cast). The propagated 2s uncertainty for D (15, 18) 
is ±0.6. 
 
 
2.4 Discussion 
 
2.4.1 Tracking Gulf of Maine water mass origin and mixing using d18Owater 
The mixing lines developed from d18Owater and salinity measurements of water collected 
during the research cruise show two endmember mixing with slope waters as the saline 
endmember (Figure 2.4) and freshwaters (salinity = 0) with an average d18Owater of -17.3‰ (b0 
value reported in Table 2.1). Because the d18O of freshwater inputs decreases with latitude 
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(Craig, 1961), this d18Owater value indicates that the freshwater endmember for average waters in 
this study originated from much higher latitudes since Maine River Water averages -10.89‰ 
[Fairbanks, 1982]. This finding shows a freshwater endmember d18Owater value that is slightly 
higher than previous d18Owater studies in the Gulf of Maine, which suggest a freshwater 
endmember d18Owater value of around -21‰ for non-coastal waters. Some have argued this low 
d18O value freshwater endmember value suggests an origin of Arctic River Water (ARW) 
flowing into the Labrador Sea [Chapman et al., 1986; Chapman and Beardsley, 1989; 
Fairbanks, 1982], while other, more recent studies have suggested that it is the result of mixing 
between St. Lawrence River Water (SLRW) and Labrador Shelf Water (LShW) [Houghton and 
Fairbanks, 2001; Khatiwala et al., 1999]. 
 Because water samples collected for this study were taken throughout the Gulf of Maine 
over a short, nine day period, these resulting d18Owater data can be used to compare different 
regions of the Gulf of Maine, which has not been possible beforehand with the available data 
except for coastal data from Whitney et al. [2017]. Comparing the freshwater endmember 
d18Owater values from the mixing lines created for individual basins within the Gulf of Maine 
(Table 2.1) shows slight differences depending on location. The slightly higher freshwater 
endmember d18Owater value for Wilkinson Basin (-16.56‰) is not surprising given that basin’s 
location in the western Gulf of Maine (see Figure 2.2). Because surface waters flow cyclonically 
in the Gulf of Maine, surface waters flowing into Wilkinson Basin will already have circulated 
through much of the Gulf of Maine, picking up Maine River Water (relatively higher d18Owater 
compared to freshwater sources from farther north outside of the Gulf of Maine) during this 
circulation. Furthermore, winter convective mixing incorporates this freshwater signature into 
deeper waters (Maine Intermediate Water), where it is trapped at depth throughout the summer 
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[Hopkins and Garfield, 1979]. Maine Intermediate Water is clearly present in Wilkinson Basin in 
Figure 2.3, which shows fresher and lower d18O waters in this basin at depth than in other 
regions of the Gulf of Maine.   
It is perhaps more unexpected that Jordan Basin, upstream of and closer to the coast than 
Georges Basin (Figure 2.2) has a lower d18Owater value than Georges Basin, which is right at the 
mouth of the Northeast Channel and therefore is presumably not influenced by Maine River 
Water. This difference may be explained by SSW, coming from a more northerly source, 
entering the Gulf of Maine around Cape Sable and mixing with slope waters in Jordan Basin but 
bypassing Georges Basin waters. This explanation for differences in water properties within the 
two basins was first suggested by Switzer et al (in review) to explain differences in the silicate 
concentration, temperature, and salinity profiles from the two regions, showing that Jordan Basin 
waters were mixing with a fresher and more silicate rich water mass, likely SSW, above 250 
meters while Georges Basin waters were not.  
Comparing these mixing lines with those previously published [Fairbanks, 1982; 
Houghton and Fairbanks, 2001; Whitney et al., 2017] from the Gulf of Maine reveal similarities 
with most mixing lines except for the coastal mixing line published by Whitney et al. [2017], the 
latter of which has Maine River Water as the dominant freshwater endmember. Water samples 
also plot similarly to previously published values for endmember water masses WSW, LSW 
[Khatiwala et al., 1999], and SSW [Chapman et al., 1986], although most samples from this 
study have slightly lower d18Owater for a given salinity value than these endmember values. This 
is an interesting observation when considering the stability of endmember water masses through 
time. There are several possible explanations for this difference, including that the compositions 
of WSW, LSW, and SSW are different than when they were measured in the 1980s. There has 
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not been enough consistent isotopic measurement of Gulf of Maine waters through time to know 
whether these endmember values have systematically changed or whether the d18Owater 
composition of endmember water masses is variable from year to year. Given that the mixing 
lines presented here look most like the Scotian Shelf Mixing Line compiled by Fairbanks 
[1982], it is also possible that the shift in d18Owater detected here is the result of more SSW 
entering the Gulf of Maine recently, a finding supported by other studies [Smith et al., 2012; 
Townsend et al., 2010]. Future work should assess d18Owater composition of endmember water 
masses over multiple seasons and years to provide a better sense for the season-to-season and 
year-to-year variability of isotopic composition between endmember water masses.  
 
2.4.2 Nitrogen cycling processes in the Gulf of Maine 
Analyzing d15NNO3- and d18ONO3- of water samples taken from throughout the Gulf of 
Maine allows for a snapshot of nitrogen cycling processes in the region. The higher d15NNO3- and 
d18ONO3- values in surface waters (above the thermocline at 50 meters) in depth profiles 
throughout the Gulf of Maine are the result in part of assimilation (i.e., uptake) of NO3- by 
phytoplankton. The weaker bond strength of lighter nitrogen and oxygen isotopes results in 
quicker reactions of these isotopes during phytoplankton digestion [Needoba et al., 2003; Waser 
et al., 1998]. Therefore, the NO3- remaining in the water column will have higher d15NNO3- and 
d18ONO3- values as seen in these data.  
Because of the dominance of assimilation on isotope signatures in the water column, it is 
difficult to discern whether any other nitrogen cycling processes (e.g., nitrification, 
denitrification, nitrogen fixation etc.) are present when looking at either the d15NNO3- or the 
d18ONO3- separately. The D(15, 18) variable (Equation 2.1) attempts to get around this potential 
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issue by looking at the d15NNO3- and d18ONO3- as a coupled system. By comparing the extent of 
fractionation between source waters and the individual d15NNO3- and d18ONO3- data, it is possible 
to determine which nitrogen cycling processes are influencing the d15NNO3- and d18ONO3- patterns 
seen in the water column.  
As shown by Granger et al. [2004], the fractionation factor is the same for d15N and d18O 
during assimilation, likely because both isotopes fractionate during the same step in the 
assimilation process, namely NO3- reduction [Granger et al., 2004; Needoba et al., 2004], 
resulting in a 1:1 d15N:d18O relationship. d15N:d18O is also 1 for denitrification processes 
[Granger, 2006; Sigman et al., 2005]. However, isotopic fractionation is not similar for d15N and 
d18O during nitrification due to the different sources for these two elements. During nitrification, 
the N is sourced from ammonia (NH4+) and is significantly fractionated (fractionation factor - e - 
between 14‰ and 19‰) during the reaction, resulting in relatively low d15NNO3- values 
[Casciotti et al., 2003]. The O in NO3- resulting from nitrification, on the other hand, is thought 
to be sourced from a combination of the O in the water molecule and dissolved oxygen 
[Andersson and Hooper, 1983; Hollocher, 1984; Kumar et al., 1983], with more recent studies 
suggesting that 5/6 of the oxygen comes from the water molecule, at least in deep water and 
estuarine environments, as indicated by the only slightly elevated d18ONO3- when compared to the 
surrounding water [Buchwald and Cascioti, 2010; Casciotti et al., 2002; Wankel et al., 2006]. 
Consequently, water in which nitrification is occurring will have D(15, 18) values that deviate 
from 0 to negative values. The above explanation of the D(15, 18) variable reveals that the source 
d15NNO3- and d18ONO3- values must be known or assumed in order to use the D(15, 18) variable to 
detect the presence of nitrification. Otherwise, changes in D(15, 18) can be related to changes the 
d15NNO3- or d18ONO3- with changes in the source of the NO3-. It is a safe assumption that D(15, 18) 
49 
 
calculated for the Gulf of Maine is not influenced by denitrification as concentrations of 
dissolved oxygen measured during the cruise were never lower than 6.9 ml/L, suggesting that 
waters are fully oxic throughout the Gulf of Maine and therefore precluding the presence of 
water column denitrification in this region. Denitrification has been found to occur in Gulf of 
Maine bottom sediments [Christensen et al., 1996]. 
There are two possible explanations for the water column trends of D(15, 18) values seen 
in the Gulf of Maine. D(15, 18) values are around 0‰ below 100 meters depth but are lower 
above this depth, suggesting increases in d18O values were larger than increases in d15N from 
deep waters to the surface. If the NO3- measured in the surface waters is sourced exclusively 
from waters below 100 meters, these trends indicate the presence of nitrification in waters above 
100 meters. These data would therefore suggest particulate organic matter (POM) is being 
remineralized to ammonium (NH4+) and subsequently NH4+ is being oxidized to nitrite (NO2-) 
and then to NO3-, all above 100 meters. This finding would agree with multiple studies showing 
both nitrification and assimilation in the euphotic zone of varying oceanic settings [Bianchi et 
al., 1997; Dore and Karl, 1996; Raimbault et al., 1999; Wankel et al., 2007; Ward, 2005]. For 
the Gulf of Maine specifically, Townsend [1998] notes a NH4+ maximum at around 20 meters 
depth from a water column profile from Wilkinson Basin taken in July 1985 followed by a NO2- 
maximum at around 40 meters depth, and an increase in NO3- below that (i.e., nitricline). This 
pattern would suggest remineralization of sinking POM around 20 meters depth, followed by 
oxidation of NH4+ to NO2- around 40 meters depth and oxidation of NO2- to NO3- below 40 
meters depth. Box modeling work suggests that each nitrogen atom that inhabits surface waters 
in the Gulf of Maine will be recycled in such a manner once per year and that such recycling of 
NO3- back up to surface waters account for 40% of NO3- entering Gulf of Maine surface waters 
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every year [Townsend, 1998]. NO3- produced by nitrification occurring below the depth of the 
thermocline, which varied by location but was generally somewhere between 50 and 100 meters 
[Switzer et al., in revision] would be considered a “new” nitrogen source for phytoplankton if it 
is transported back up to surface waters through Ekman upwelling, tidal and internal wave 
mixing, or winter convective overturning [Townsend et al., 2015]. 
Alternatively, it is likely not accurate to suggest that all nitrate supplied to surface waters 
is sourced from waters below 100 meters. Through box modeling work, Townsend [1998] 
suggested that deeper waters supplied 45.2% of the nitrogen to surface waters. SSW supplies 
41.5% of the nitrogen, rivers supply 1.1%, and the atmosphere (wet and dry phases of nitrate and 
ammonia) supplies 12.2% of the nitrogen to the surface waters in the Gulf of Maine. A 
nitrification signal might be masked or falsely suggested in the D(15, 18) calculation if the source 
waters have different d15NNO3- and d18ONO3- signatures than the assumed source water values for 
d15NNO3- and d18ONO3- from deep waters, as this modeling suggests is likely the case.  
Additionally, the above nitrogen source calculations do not consider nitrogen fixation, 
which was once thought to be insignificant in coastal waters but has more recently been shown to 
be a significant contribution to these waters, including in the Gulf of Maine [Conley et al., 2009]. 
Conley et al. [2009] found that on average, the Georges Bank and western Gulf of Maine region 
experienced a N2 fixation rate of 177 umol N m-2 d-1. Assuming the area of the Gulf of Maine 
estimated by Townsend [1998] of 1.03 ´ 1011 m2 and that N2 fixation was constant over the entire 
region, this would mean an annual average N2 fixation rate of 6.6 ´ 109 moles N yr-1. Factored 
into the box modeling by Townsend [1998], N2 fixation would account for 8% of the nitrogen 
inputs into the Gulf of Maine. Newly fixed nitrogen has a d15N value of ~-2-0 ‰ [Air; Carpenter 
et al., 1997; Delwiche et al., 1979; Hoering and Ford, 1959; Sigman et al., 2005], significantly 
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lower than deep water NO3- and can therefore decrease the d15NNO3- of surface waters [Brandes et 
al., 1998; Karl et al., 2002; Knapp et al., 2005; Knapp et al., 2008; Liu et al., 1996; Pantoja et 
al., 2002; Sigman et al., 2005]. If this nitrogen in particulate organic matter (POM) then 
underwent nitrification to NO3-, the resulting NO3- could also result in a decrease in D(15, 18) 
values since d18ONO3- values are not impacted by N2 fixation. However, this would still indicate 
the presence of nitrification in order for the POM from N2 fixation to be converted to NO3-, 
although absolute values of D(15, 18) might vary depending on where N2 fixation was present 
throughout the Gulf of Maine.  
D(15, 18) values in Wilkinson Basin and shallower shelf locations do not trend towards 
significantly negative D(15, 18) values in shallower waters. More data are needed to determine 
whether this apparent spatial difference holds up but this observation suggests either nitrification 
is not occurring in these regions or that source d15NNO3- values are different here than other 
regions of the Gulf of Maine. As noted above, the western Gulf of Maine is influenced more by 
Maine River Water than other regions of the Gulf of Maine due to the cyclonic nature of Gulf of 
Maine surface circulation. We have few data from these rivers and do not know the seasonal 
variability of the data we do have. However, the two samples we collected make it clear that the 
d15NNO3- and d18ONO3- are different from deep water sources (in particular d18ONO3- values are 
~3.3‰ higher in the freshwater samples compared to the average deep water value) and hence 
may make determination of nitrification in the western Gulf of Maine difficult. 
Therefore, the d15NNO3- and d18ONO3- presented here suggest the dominance of 
assimilation on water column isotope values of nitrate in Gulf of Maine surface waters as well as 
either the presence of nitrification in the upper water column or the presence of source waters 
52 
 
with different d15NNO3- and d18ONO3- signatures than water below 100 meters. It is likely both 
explanations contribute to the  d15NNO3- and d18ONO3- signatures seen in Gulf of Maine waters.  
 
2.5 Summary and Conclusions 
 
For this study, we have presented stable isotope data from water samples collected during 
a nine day research cruise in early October, 2016 in the Gulf of Maine. These data include 
d18Owater and d15NNO3- and d18ONO3- and are used to better understand the hydrographic system in 
the region. d18Owater shows an expected strong correlation with salinity, with fresh endmembers 
changing slightly with region in the Gulf of Maine, likely reflecting the SSW influence on Jordan 
Basin and the Maine River Water influence on Wilkinson Basin in the western Gulf of Maine. 
Comparisons with past mixing lines from the Gulf of Maine and noted d18Owater and salinity 
concentrations of different water mass endmembers suggest that waters collected during this 
research cruise are slightly shifted to lower d18O values for saline waters, suggesting either 
possible variability in endmember d18Owater values and/or changes in the proportion of different 
water masses in the region, in particular potential increases in SSW. However, more temporally 
consistent collection of water samples for d18Owater and salinity analyses is needed in order to 
understand whether water mass endmembers are highly variable through time or whether the 
shift observed here is a sign of a fundamental change in water mass composition. 
d15NNO3- and d18ONO3- of dissolved NO3- reveal potential water column nitrification 
happening in almost all waters above ~100 meters depth in the Gulf of Maine, except potentially 
some waters in the western Gulf of Maine. These findings would confirm previously proposed 
hypotheses for the presence of nitrification in the Gulf of Maine water column based on nutrient 
concentrations and box modeling. However, it is also possible that differing changes in d15NNo3- 
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and d18ONO3- with depth, as calculated by D(15, 18), are the result of differences in source water 
compared to the assumed deep water source.  
Overall, this study provides insight into spatially distributed hydrographic properties of 
the Gulf of Maine during a period at the end of the summer right before fall overturning. In order 
to understand how the oceans are changing, at what rate the oceans are changing, and how they 
might be expected to change in the future with anthropogenic climate change, we need a more 
comprehensive water property baseline dataset, both spatially and temporally distributed. The 
data presented here provides such a dataset for one of the most rapidly warming regions of the 
world’s oceans. Future work should revisit the sites sampled during this research project to get a 
better understanding for how hydrographic properties in the Gulf of Maine are changing through 
time. 
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Abstract 
 
Developing high resolution, well-dated marine proxies of environmental, climatic, and 
oceanographic conditions is critical in order to advance our understanding of the ocean’s role in 
the global climate system. While some work has investigated bulk and compound specific stable 
nitrogen isotopes (d15N) in bivalve shells as proxies for environmental variability, the small 
concentrations of nitrogen found in the organic matrix of the shell calcium carbonate (CaCO3) 
makes developing high resolution records challenging. This study investigates the potential of 
using the bulk and amino acid d15N of bivalve periostracum, the protein layer on the outside of 
the shell, as a proxy archive of nitrogen cycling processes and water source variability. 
Bulk d15N values were measured on the periostracum, aragonitic CaCO3, and adductor 
muscle of Arctica islandica shells collected in the Gulf of Maine. Increased variability of 
isotopic values across growth lines compared to along growth lines support mechanistic 
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reasoning based on growth processes that periostracum is recording changes in d15N over the 
course of the clam’s lifetime (up to 500 years). In addition, the statistically significant 
relationship between periostracum d15N and contemporaneous carbonate d15N of the same shell 
(r= 0.82, p<.0001, n=40) suggests that periostracum preserves a similar d15N signal to that 
preserved in the carbonate. This finding, coupled with the fact that source amino acid d15N 
values of periostracum are similar to that of the adductor muscle and the particulate organic 
matter (POM) consumed by the clam, suggests that periostracum bulk d15N reflect the d15N of 
the clam’s food source. The isotopic offsets between periostracum, carbonate, and adductor 
muscle d15N values are primarily caused by differences in amino acid composition of the 
different tissue types, as evidenced by isotope mass balance calculations, although may also be 
related to differences in d15N values of the individual amino acids of the different tissue types, 
especially the trophic amino acids.  
Compound specific d15N analyses of the periostracum of A. islandica shells were used to 
determine that the calculated trophic position of the clams in this study (1.4±0.4) did not change 
significantly between 1783 and 1997. Phenylalanine d15N values over the last 70 years show 
similar trends to that of the bulk record, suggesting that changes in bulk d15N of that time period 
are related to changes in baseline d15N.  Periostracum d15N values from shells collected in the 
western Gulf of Maine have decreased by ~1‰ since the mid-1920s. This trend (-0.008‰/year) 
is not statistically different from the trend of previously published d15N values of deep-sea corals 
from the entrance to the Gulf of Maine over the same time period. This coral record has been 
shown to indicate a shift in water mass source to the region and therefore the  similarity between 
the two records suggest that changes in periostracum d15N values are reflecting broader North 
Atlantic hydrographic changes. Our study introduces a new, high-resolution, and absolutely 
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dated paleoceanographic proxy of baseline d15N, presenting the opportunity for future 
reconstructions of aspects of nitrogen cycling and water source changes in the global oceans. 
 
3.1 Introduction 
While high resolution, terrestrial proxies of climate and environmental variability have 
been available and widespread for several decades now (see Jones et al., 2009 for a review), the 
development of annually-to-decadally resolved marine proxies has tended to be slower and less 
global in scope. Such progress highlights the challenges inherent in developing proxies in the 
marine realm: the heterogeneous nature of ocean environments (Cunningham et al., 2013) as 
well as the dating uncertainties and poor resolution attributed to some marine proxies (Kaufman 
et al., 2009). High-resolution, coral proxy records started to appear several decades ago (Hudson 
et al., 1976); however, these records are primarily from tropical areas (Wanamaker et al., 2011) 
and do not capture the full extent of environmental change in the oceans. Dating uncertainties 
and low sedimentation rates often hinder the usefulness of sediment core proxies on high 
resolution time scales, although work has yielded annually to decadally resolved records with 
improved age models (e.g. Baumgartner et al., 1992; Eiríksson et al., 2011). These records tend 
to be limited to regions with extremely high-sedimentation rates. Along with several other 
recent, novel marine proxies such as coralline algae (e.g. Halfar et al., 2000; Gamboa et al., 
2010; Kamenos and Law, 2010), bivalves have emerged as an important extratropical, high 
resolution proxy for marine climatic variability. This proxy archive is particularly valuable due 
to its broad distribution in the ocean basins (e.g. Dahlgren et al., 2000), extremely long age spans 
in some species (Schone, 2004; Strom et al., 2004; Wisshak et al., 2009; Butler et al., 2013), and 
sub-annual to annual age banding, the latter of which allows for precise age and dating 
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determinations (e.g. Scourse et al., 2006; Black et al., 2016) and provides high resolution 
geochemical (e.g. Schöne et al., 2004; Mette et al., 2016; Reynolds et al., 2016) and shell 
increment width (e.g. Schöne et al., 2003; Strom et al., 2004; Butler et al., 2010; Wanamaker et 
al., 2018) environmental proxies. It is critical to develop high-resolution, well-dated marine 
proxies from these proxy archives that have the potential to provide centuries-long 
reconstructions of ocean variability. Among other considerations, these marine proxies will 
enable a better understanding of the role that oceans play in the global climate system (Jansen et 
al., 2007; Ljungqvist et al., 2012).  
Nitrogen isotopes (d15N) can be measured in some of the above-mentioned, high-
resolution proxy archives to document climatic and environmental change through time. d15N 
values have been explored in a variety of marine archives as a paleoceanographic proxy for 
nitrogen cycling (Altabet and Francois, 1994; Brandes and Devol, 2002; Deutsch et al., 2004; 
Galbraith and Kienast, 2013; Sherwood et al., 2014) as well as water mass source variability 
(Sherwood et al., 2011). Nitrogen isotopes of dissolved nitrate (d15NNO3) vary both within the 
water column (e.g. Altabet, 1988; Altabet and Francois, 1994; Liu et al., 1996; Brandes and 
Devol, 2002; Somes et al., 2010) and by water mass (Marconi et al., 2015; Van Oostende et al., 
2017) due to nitrogen cycling processes. By reconstructing nitrogen cycling and water source 
variability through time, it is possible to interpret changes in ecosystem composition and 
function as well as changes in ocean current dynamics that are indicative of larger scale changes 
in environmental conditions and global climate. 
Bivalve shells as a proxy archive offer the potential to further broaden the 
paleoceanographic utility of d15N. Correlations of d15N between shell-bound nitrogen (stored in 
the organic matrix of the carbonate) and soft tissue nitrogen suggest that the carbonate shells 
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preserve a record of the d15N changes in the bivalves (LeBlanc, 1989; O'Donnell et al., 2003; 
Carmichael et al., 2008; Watanabe et al., 2009; Kovacs et al., 2010; Versteegh et al., 2011; 
Graniero et al., 2016; Gillikin et al., 2017). In addition, bivalve shells offer the opportunity to 
extend absolutely dated, via crossdating methods (Black et al., 2016; Black et al., 2019), records 
of d15N at the base of the food web well back beyond the instrumental record at a high resolution 
scale due to the fact that many of these shells grow in annual or sub-annual increments.  
Because they are relatively immobile suspension feeders, bivalves have been identified as 
particularly useful in recording changes in baseline d15N (assuming no change in the diet of the 
clams) and nitrogen cycling in ecosystems through time (Post, 2002; Jennings and Warr, 2003; 
O'Donnell et al., 2003; Vokhshoori and McCarthy, 2014; Darrow et al., 2017; Misarti et al., 
2017). Such records have been identified as crucial in understanding ecosystem scale food web 
dynamics (Casey and Post, 2011). For example, there have been a wealth of studies recently 
looking at the potential of mollusks to record changes in nitrogen inputs into an ecosystem due to 
anthropogenic influences, both in the soft tissue of the bivalve (Watanabe et al., 2009; Graniero 
et al., 2016) as well as the organic matrix of the carbonate shell (Carmichael et al., 2008; Kovacs 
et al., 2010; Graniero et al., 2016; Oczkowski et al., 2016; Black et al., 2017). 
One challenge with this marine proxy is that nitrogen isotopes measured in biogenic 
marine proxy archives such as bivalves are not only a function of d15N of dissolved nitrogen 
substrates (nitrate, nitrite, ammonium, and urea) but also a function of their diet. Bulk d15N 
increases by approximately 3.4‰ between prey and consumer, although the magnitude of this 
increase can vary widely depending on multiple factors such as species and ecosystem (e.g. 
Miyake and Wada, 1967; DeNiro and Epstein, 1981; Minagawa and Wada, 1984; McCutchan et 
al., 2003; Chikaraishi et al., 2009). Therefore organisms in higher trophic levels have higher bulk 
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d15N. This suggests that nitrogen isotopes in proxy archives would change if their diet and 
consequently trophic level changed over time. While bivalves are thought to primarily graze on 
phytoplankton (for a review, see Arapov et al., 2010), there is some evidence to suggest that if 
phytoplankton  become scarce, bivalves can alter their diet to consume other sources of nutrients 
such as detritus and bacteria (Stuart et al., 1982; Cranford and Grant, 1990; Langdon and Newell, 
1990). Bivalves have also been shown to graze on zooplankton (Davenport et al., 2000; Lehane 
and Davenport, 2002; Lehane and Davenport, 2004; Lehane and Davenport, 2006). This latter 
food source would increase the trophic position of the bivalves, which would be reflected in the 
d15N of the proxy. It is therefore not implausible to assume that environmental conditions would 
have warranted a change in diet and possibly trophic level in the past.  
Compound-specific stable isotope analyses of amino acids (CSIA-AA) are increasingly 
becoming used as a paleoceanographic tool (Sherwood et al., 2011; Batista et al., 2014; Williams 
et al., 2017; McMahon et al., 2018), in part to address the issue of changes in trophic level 
influencing changes in d15N values of the proxy archive. Nitrogen stored in amino acids is 
fractionated to different degrees dependent upon the metabolic pathway of the specific amino 
acid (McClelland and Montoya, 2002; Chikaraishi et al., 2007; Chikaraishi et al., 2009; 
McMahon and McCarthy, 2016). Certain amino acids undergo deamination (whereby an amine 
group is removed by breaking a C-N covalent bond; Chikaraishi et al., 2007; Ohkouchi et al., 
2015) during initial metabolic activity leading to the loss of 15N depleted ammonia (Macko et al., 
1986; Miura and Goto, 2012). These amino acids (termed trophic amino acids and including 
alanine, aspartic acid, glutamic acid, isoleucine, leucine, proline, and valine) show large 
increases in d15N between prey and consumer. Other amino acids (termed source amino acids 
and including lysine, methionine, phenylalanine and tyrosine) typically do not undergo 
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significant deamination during initial metabolic activity. Therefore, source amino acids are not 
fractionated to as great an extent as trophic amino acids and consequently do not have 
significantly higher d15N values from prey to consumer (Chikaraishi et al., 2007). Glycine and 
serine, which were originally considered source amino acids (McClelland and Montoya, 2002; 
Popp et al., 2007) have been shown to have large variability in d15N between consumer and food 
source, likely due to the multiple metabolic pathways they are involved with as well as the extent 
of bacterial degradation that can occur in glycine (McMahon and McCarthy, 2016). Therefore, 
glycine and serine are difficult to classify as either source or trophic amino acids. 
Because source amino acids are not significantly fractionated from prey to consumer, 
they can be used as a measure of baseline d15N of the prey whereas the difference in d15N of 
trophic and source amino acids indicates trophic position of the consumer. Due to these 
diagnostic properties, CSIA-AA has been developed in the last several decades for a variety of 
applications broadly relating to food web dynamics and nitrogen cycling processes (see 
Ohkouchi et al., 2017 for a review), including using soft tissue of bivalves to reconstruct baseline 
d15N conditions (Vokhshoori and McCarthy, 2014) and trophic position (Ek et al., 2018). This 
technique has also been used in a paleoceanographic context as a proxy for water mass source 
changes (Sherwood et al., 2011) and to reconstruct the depth of the nitricline through time 
(Williams et al., 2017).  
Despite the possible opportunities that d15N and CSIA-AA d15N in bivalve shells offers 
for paleoceanographic studies, there have only been a few reconstructions using these techniques 
that extend back beyond the instrumental record (Oczkowski et al., 2016; Darrow et al., 2017; 
Misarti et al., 2017). Darrow et al. (2017) demonstrated that oyster (Crassostrea virginica) shells 
from Native American shell middens on the estuaries at the mouth of the Mississippi reliably 
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preserved changes in the d15N baseline over time, dating back to 2100 years before present. 
While organic matter diagenesis and nitrogen loss is of concern with material this old, the 
authors were able to demonstrate that with the appropriate sampling and cleaning techniques, 
reliable d15N records could be obtained. Misarti et al. (2017) compared amino acid composition 
and d15N values in fossil and modern shellfish (chiton, limpet, mussel, periwinkle and urchin 
species) shells as well as modern soft tissue from Alaska and demonstrated that nitrogen isotopes 
and amino acid compositions were similar between fossil and modern shells (for all except 
urchins) and that little diagenesis or other degradation had occurred over time, suggesting that 
these shells would be useful archives of changes in d15N over time at the base of the food web.  
The scarcity of d15N records from bivalve shells can be attributed, in part, to the low 
concentrations of amino acids (and nitrogen; %N <1%) in the shell bound organic layer of the 
carbonate shell (hereafter referred to as carbonate). Therefore, a large amount of material is 
needed for any given sample (~30 mg), reducing the temporal resolution of any potential record 
and introducing time averaging complexities as several years worth of carbonate growth are 
incorporated together in order to form one measurable sample. The goal of this study is to 
examine the potential of using d15N of the periostracum (the organic material on the outside of 
the shell; see Figure 3.1) of Arctica islandica shells as a high-resolution, alternative 
environmental and paleoceanographic proxy. While no previous work to our knowledge has 
looked at the potential of periostracum as a proxy, Delong and Thorp (2009) found statistically 
significant correlations between d15N and d13C of periostracum and that of soft tissue in 
freshwater mussels, suggesting the possibility that periostracum d15N could be recording d15N 
incorporated into the clam via food consumption. Periostracum has larger nitrogen 
concentrations (~15%) than that of  the carbonate shell and therefore much less material is 
67 
 
needed per sample. It is also synthesized with shell carbonate, thus inviting the possibility of 
much higher resolution d15N record through time if periostracum can be shown to be a valid 
proxy for baseline d15N.. The research objectives for this study are to test if (1) periostracum can 
be used as an archive of the d15N of the particulate organic matter (POM) incorporated by the 
clam throughout its lifespan, and (2) periostracum can be used as a proxy for changes in basal 
d15N of dissolved nitrogen substrates through time. Objective (1) will be addressed by examining 
changes in d15N along growth lines and ontogenetically and comparing the isotope and amino 
acid composition of periostracum to that of the shell and adductor muscle of the same animal as 
well as through time. Additionally, CSIA-AA of d15N will be used to assess the extent to which 
d15N of the POM are reflected in the source amino acids of the periostracum. Objective (2) will 
be addressed by using CSIA-AA of d15N of periostracum to assess trophic position changes 
through time and the extent to which bulk d15N changes through time mirror those of source 
amino acid d15N. Objective (2) will be further addressed by comparing this record to published, 
nearby d15N records associated with changes in basal d15N of dissolved nitrogen substrates. The 
preservation potential of periostracum will be evaluated by analyzing amino acid concentrations 
through time. 
 
3.2 Background 
3.2.1 Arctica islandica 
A. islandica are a long-lived (up to 507 years; Wanamaker et al., 2008b; Butler et al., 
2013) bivalve mollusk species, found extensively throughout the shelf regions of the North 
Atlantic (Dahlgren et al., 2000). The aragonitic shells of A. islandica precipitate in annual 
increments (Jones, 1980; Weidman et al., 1994) and as such this organism has been termed the 
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“Tree of the Sea” (Witbaard, 1997). A. islandica shells have been shown to consistently record 
and preserve various environmental conditions in marine realms through increment width 
variability and geochemical composition (Schöne et al., 2003; Wanamaker et al., 2008a; Butler 
et al., 2010; Stott et al., 2010; Wanamaker et al., 2012; Marali and Schöne, 2015; Mette et al., 
2016; Wanamaker et al., 2018). The combination of longevity, sessile behavior, annual 
deposition, and environmental signal preservation are characteristics that make A. islandica 
shells an ideal high resolution proxy of marine climate change. 
The periostracum is a quinone-tanned protein layered material on the outside of both 
valves as well as the ligament of bivalve shells (Taylor and Kennedy, 1969). It consists of 
several layers and is generally secreted from the periostracal groove and outer mantle fold 
(Figure 3.1C; Saleuddin and Petit, 1983; Checa, 2000). The periostracum is thought to help with 
shell formation by providing a surface on which the outer shell layer forms (Taylor and 
Kennedy, 1969). Little research has been done on the periostracum of A. islandica (Wanamaker 
and Luzier, 2014), although several studies have looked at the structure and formation of 
periostracum in other species of marine bivalves (Hillman, 1961; Dunachie, 1963; Bevelander 
and Nakahara, 1967; Neff, 1972; Bubel, 1973; Saleuddin, 1974). Periostracum is generally 
discarded in favor of the carbonate shell for paleoclimate studies. 
 
3.2.2 Gulf of Maine 
A. islandica sampled for this study were collected from the western Gulf of Maine, a 
semi-enclosed sea in the western North Atlantic (see Supplementary Figure A.1 in the Appendix 
for location maps). A review of the hydrographic conditions in the Gulf of Maine can be found 
elsewhere (Pettigrew et al., 2005; Townsend et al., 2015). Briefly, the Gulf of Maine is fed by 
two primary slope water masses: Warm Slope Water (WSW) and Labrador Slope Water (LSW). 
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WSW forms adjacent to the Gulf Stream and is composed of Gulf Stream waters, North Atlantic 
Central Water and coastal waters (Townsend et al., 2015). WSW is found at depths between 0 
and 400 meters in the Slope Sea, outside of the Gulf of Maine (Gatien, 1976; Townsend and 
Ellis, 2010). LSW, which is composed of continental slope waters carried south by the Labrador 
Current can be found below 100 meters, below and coastward of WSW in the Slope Sea outside 
of the Gulf of Maine (Gatien, 1976; Chapman and Beardsley, 1989; Townsend et al., 2015). The 
slope waters enter the Gulf of Maine at depth through the Northeast Channel (-220 m) and are 
mixed, via a variety of processes including tidal and winter convective overturning (Townsend et 
al., 2015), into the surface waters, which primarily consist of relatively fresh Scotian Shelf Water 
originating from the Scotian Shelf (Smith, 1983; Chapman et al., 1986). These waters then 
circulate in a cyclonic gyre around the Gulf of Maine (Supplementary Figure A.1 in the 
Appendix; Pettigrew et al., 2005). Because of their different origins, mixing processes, and 
transport paths, WSW and LSW undergo different nitrogen cycling processes and degrees of 
nitrate utilization, resulting in different nitrogen isotope signatures of dissolved nitrate. The d15N 
of dissolved nitrate for WSW has been measured to be 5.0 ± 0.3‰ (Sherwood et al., 2011), 
which reflects in part the deep, nutrient-rich waters that compose WSW. In contrast, the d15N of 
dissolved nitrate for LSW has been measured to be 6.0 ± 0.3‰ (Sherwood et al., 2011), which 
reflects in part the origin of LSW at the surface of the Labrador Sea. Surface waters tend to have 
low nutrient concentrations and 14N is preferentially incorporated by phytoplankton, increasing 
the d15N of the remaining dissolved nitrate. Sherwood et al. (2011) showed that this difference in 
d15N between the two water masses was apparent when comparing the d15N signatures of groups 
of the same organism living in the different water masses.  
70 
 
 
Figure 3.1. Depictions of periostracum on bivalve shells. (A) shows an A. islandica shell 
sampled for periostracum (dark material) along the axis of maximum growth. The white squares 
are the areas where the periostracum has been removed. The numbers represent centimeters from 
the top, with hash marks every 0.5 centimeters. (B) shows an A. islandica shell sampled for 
periostracum along a growth increment. Hash marks are drawn every centimeter. (C) is a 
diagram of a cross-section of the outer region of a bivalve shell (not to scale) showing the 
periostracum being secreted from the periostracal groove and forming the outer layer of the shell. 
Diagram modified from Zhao et al., 2018. OSL: outer shell layer (prismatic layer); ISL: inner 
shell layer (nacreous layer); oEPF: outer extrapallial fluid; iEPF: inner extrapallial fluid.  
 
3.3 Materials and Methods 
3.3.1 Sample collection and dating 
Both live and dead A. islandica shells were collected by scallop dredge off of Seguin 
Island in the western Gulf of Maine at 38 meters water depth, as well as from near Jonesport in 
the eastern Gulf of Maine at 80 meters depth and Isle au Haut in the central coastal Gulf of 
Maine at 31 meters water depth. Additionally, shells were collected from Cobscook Bay by 
divers from an average depth of 10 meters (see Supplementary Figure A.1b in the Appendix for a 
map of locations). Most shells were shipped on dry ice to Iowa State University’s Stable Isotope 
Lab, although some of the Jonesport shells were transplanted to tanks at the Darling Marine 
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Center or cages in the Damariscotta River estuary in Walpole, Maine for 29 weeks. These 
transplanted shells were used for the comparison between adductor muscle, carbonate, and 
periostracum d15N in this study due to the availability of the adductor muscle material. 
Information on the living conditions and processing of the Darling Marine Center and 
Damariscotta River estuary shells can be found in Beirne et al. (2012). Briefly, the shells finished 
in tanks were raised in seawater pumped from 10 meters depth in the Damariscotta River estuary. 
Half were not fed any additional food (Tank A) while half were fed Shellfish Diet 1800 (Reed 
Mariculture) at a concentration of 100,000 cells/mL/day (Tank B; for an experiment unrelated to 
this project).  
Shells sampled for periostracum used in time series analyses were from Seguin Island 
and were dated using crossdating techniques (Black et al., 2016). The dating of these shells and 
the development of the master shell growth chronology is described by Wanamaker et al. (2018) 
and Griffin (2012).  
 
3.3.2 Sampling for periostracum, carbonate, and adductor muscle 
For specific details on periostracum sampling, see the supplementary information in the 
Appendix. Seguin Island shells were sampled for periostracum wherever present to develop a 
time series. Additionally, select shells (from the Seguin Island and Isle au Haut sites) were 
sampled for periostracum multiple times both along the axis of maximum growth (Figure 3.1A) 
as well as along a growth increment (Figure 3.1B). For these samples, d13C, which is generally 
more variable in clams, was also analyzed in order to better assess whether the periostracum was 
changing its isotopic composition throughout the clam’s lifetime. 
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In order to test the relationship between periostracum d15N and carbonate d15N, several 
shells from Seguin Island, Cobscook Bay, Jonesport, the Darling Marine Center and 
Damariscotta River estuary were sampled for periostracum and carbonate. Additional samples of 
periostracum, carbonate, and adductor muscle were taken from two shells, one from the 
Damariscotta River estuary and one from Tank A at the Darling Marine Center, to compare bulk 
and compound specific d15N from the three different tissue types. These shells will be referred to 
as shell DRE and shell DMC, respectively, in the rest of this paper. Detailed methods for 
sampling and sample preparation can be found in the supplementary information in the 
Appendix. It should be noted that care was taken to sample the carbonate exactly where the 
periostracum was removed along the very outer edge of the shell. These methods ensured that the 
two samples formed contemporaneously and were therefore integrating the same amount of time. 
At least 2 mg of periostracum was collected for each sample.  
Carbonate samples for amino acid analyses were collected by hand drilling the shells. A 
Dremel hand drill was used. At least 60 mg of carbonate powder was collected for each sample. 
Detailed methods for preparing adductor muscle tissue samples can be found in Beirne et al. 
(2012). Briefly, adductor muscle tissue samples analyzed for d15N were removed, cleaned using 
DI water, frozen for 24 hours in a commercial freezer, and freeze dried. 
 
3.3.3 Bulk organic matter analysis 
Periostracum, carbonate, and adductor muscle analyzed for bulk d15N were placed in tin 
boats and combusted in a Costech Elemental Analyzer connected to a Finnegan Delta Plus XL 
mass spectrometer in continuous flow mode at Iowa State University. Results were corrected 
using a regression method and 4 different reference standards: Caffeine (IAEA-600), IAEA-N2, 
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Cellulose (IAEA-CH-3), and Acetanilide (laboratory standard). All d15N values were 
standardized relative to Air (atmospheric N2) and all d13C values were standardized relative to 
VPDB (Vienna Pee Dee Belemnite).The average, long-term, 2s combined uncertainty 
(analytical uncertainty and average correction factor) is ±0.36‰ for d15N and ±0.22‰ for d13C.  
Correlations between bulk d15N values were assessed between tissue types using simple 
linear regression and Pearson’s correlation coefficient and associated p values (df=n-2, 
significant p<0.05). Uncertainty was assessed at 2s. 
In order to investigate potential similarities to other marine d15N records in the region, the 
dated time series of bulk d15N in periostracum was compared to a record of d15N from deep sea 
gorgonian corals (Primnoa resedaeformis) in the Northeast Channel at the entrance to the Gulf of 
Maine published by Sherwood et al. (2011). The estimated difference of the means of the 
regression coefficients and the associated estimated variance and standard error were calculated. 
These statistical analyses assumed that these two data sets are independent. It should be noted 
that these two records are sampled at different resolutions, with the Sherwood et al. (2011) 
record sampled at annual resolution and the periostracum record sampled at multi-annual 
resolution (the exact resolution varied with sample). Therefore, the statistical analyses performed 
here only assess differences in regression coefficients, with the periostracum samples plotted at 
the midpoint of the years incorporated in each sample.   
 
3.3.4 Amino acid analysis preparation: Hydrolysis 
Samples were prepared and analyzed for amino acid concentration and d15N CSIA-AA at 
the Environmental Geochemistry Laboratory (EGL), Bates College. 1-3 mg (periostracum and 
adductor muscle) or 30 mg (carbonate shell) of sample were hydrolyzed in 0.5 ml of 6M HCl at 
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150°C for 20 minutes under a N2 atmosphere and then cooled to room temperature. Once cool, 
samples were blown down under N2 until dry and E-pure water was added at intervals to reduce 
acidity and to help the drying process. Hydrolysis results in the breaking down of peptide and 
polypeptide bonds. The resulting material is known as the total free amino acid fraction or the 
acid-hydrolyzed proteins.  
 
3.3.5 Amino acid analysis preparation: Derivatization 
The amino-hydrolyzed amino acids were then derivatized to trifluoroacetyl (TFA) 
isopropyl esters (after Silfer et al., 1991). Samples were esterified in acidified isopropanol 
followed by acylation in trifluoroacetic anhydride (TFAA) and final dilution in ethyl acetate 
prior to analysis.  
 
3.3.6 Amino acid concentration analysis 
The n-TFAA amino acid derivatives were analyzed by gas chromatography flame 
ionization detection (GC-FID) using an Agilent 6890N equipped with a HP-ULTRA 1 column 
(50 m, 0.32 mm ID, 0.53 mm film thickness) in the EGL at Bates College. The running 
conditions for the FID can be found in the supplementary information in the Appendix.  An 
amino acid standard mixture was created from 17 L-amino acid analytical standards (Sigma 
Aldrich). Calibration curves were created by analyzing 4 different dilutions of the 17 amino acid 
standards. These curves were used to convert to peak areas of each amino acid to concentration. 
Two samples of each tissue type (periostracum, carbonate, and adductor muscle) from shell DRE 
and shell DMC were analyzed on the FID for concentrations of alanine, aspartic acid, glutamic 
acid, glycine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, 
tyrosine, and valine. It should be noted that we were not able to obtain data for all amino acids, 
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including arginine, histidine, and cysteine, although these amino acids are expected to be present 
in minor amounts for at least some of the tissue types based on previous studies on other bivalve 
species (Pranal et al., 1995).  
Relative percent amino acid composition of periostracum from Seguin Island shells was 
plotted against both the age of the specimen at the time the sampled periostracum formed and the 
calendar date of the periostracum sample. Simple linear regression and Pearson’s correlation 
coefficient and associated p values were used to determine if any significant trends were present 
(df=n-2, significant at p<0.05). 
 
3.3.7 d15N analysis of amino acids 
The amino acid derivatives of two samples each (1 each from shell DRE and shell DMC) 
of periostracum, carbonate and adductor muscle were analyzed for d15N CSIA-AA in order to 
compare differences in d15N between the different tissue types. 14 additional periostracum 
samples from Seguin Island clams were analyzed for d15N in order to look at changes in amino 
acid d15N through time.  
For CSIA-AA analyses, samples were analyzed using a HP Ultra 1 column (50 m, 0.32 
mm ID, 0.53 mm film thickness) in a Trace Gas Chromatograph Ultra interfaced to a Thermo 
Delta V Advantage stable isotope mass spectrometer via the GC column interface III with a 
liquid nitrogen trap in the EGL at Bates College. Samples were diluted in ethyl acetate and the 
running conditions for the GC-c-IRMS were the same as for the FID, as described in the 
supplementary information in the Appendix.  The linearity of the d15N  amino acid analyses was 
optimal for most amino acids between peak heights of 100 and 1500 mV.  Thus, between 1.0 and 
5.0 µL of sample were injected to ensure peak sizes were within this range. The backflush valve 
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was engaged for the duration of the solvent peak and there was no solvent tailing into the first 
compounds eluting.  
 
3.3.8 Data Analysis 
A laboratory standard was made using 14 L-amino acid analytical standards from Sigma 
Aldrich added in concentrations similar to amino acid concentrations in four of the periostracum 
samples (see Supplementary Table A.1 in the Appendix). Aliquots of this laboratory standard 
were derivatized and analyzed with each batch of 6 samples processed. This facilitated 
evaluation of and correction for any kinetic isotopic fractionation that may have occurred during 
derivatization. Different dilutions of the laboratory standard were used to correct for linearity 
issues with the CSIA-AA analyses. A positive correlation between d15N and peak area was 
statistically significant between 100 and 1500 mV (using Pearson’s correlation coefficient, 
significant at p<0.05) in four of the amino acids (isoleucine, methionine, proline, and 
phenylalanine). A linear correction was applied for these amino acids. All d15N values are 
standardized relative to Air (atmospheric N2). 
Each sample was run at least 3 times, with d15N values averaged over all runs, unless any 
individual run was deemed unusable, most commonly because of poor chromatography. The 
long term, average, 2s analytical uncertainty was ±1.9‰ based on the standards run throughout 
the sampling period.   
In order to analyze the extent to which the periostracum d15N reflects the d15N of its food 
source, we compared the average d15N of the source amino acids of the periostracum sample 
from the shell collected from Tank A at the Darling Marine Center to the average d15N of the 
sediment samples taken from this tank and reported in Beirne (2011). Sediment samples were 
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taken from the top 0.5 cm of sediment in 10 different flower pots positioned in this tank, with 
care taken to avoid any clam excrement present. Samples were prepared and analyzed for d13C 
and d15N. Details of this preparation can be found in Beirne (2011) and Beirne et al. (2012). 
Sediment sample d15N are considered to represent the d15N of the particulate organic matter 
(POM) accumulation over the period of the experiment (January to November 2010) and 
therefore reflect the d15N of the POM that was being consumed by the clams during this time 
(Beirne, 2011).  
The amino acid concentration and d15N composition of the bulk proteins in the modern 
samples were used to model the d15N of bulk tissue using the following isotope mass balance 
equation:  
 
d15Ntissue = (FAA1*d15NAA1) + (FAA2*d15NAA2) + (FAA3*d15NAA3)+… (FAAn*d15NAAn) (3.1) 
 
FAA1, AA2, AA3… AAn = fraction of amino acid 1, 2, 3…. n in the tissue 
d15NAA1, AA2, AA3… AAn = d15N amino acid 1, 2, 3…n in the tissue 
 
Assumptions in the use of this equation include (1) baseline resolution for all amino acids 
by both the GC-FID and the GC-c-IRMS, (2) the tissue is comprised solely of amino acids, and 
(3) all amino acids in the tissue were analyzed.  It is important to note that alanine, threonine, 
serine, and lysine were resolved by the GC-FID, but not resolved by the GC-c-IRMS.  Thus, the 
modeled tissue d15N will be underrepresented with respect to these amino acids.   
 
3.3.9 Trophic Position Calculation 
 
In order to calculate the trophic position of the clams through time, we used the following 
equation that we derived from published data:  
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TP = [(d15NPro - d15NPhe – 2.8)/6.3] + 1        (3.2) 
 
2.8 is the difference (b value) between proline and phenylalanine at the base of the food 
web in a coastal marine setting. 6.3 represents the average difference (D) of the difference in 
d15N between food and consumer (termed trophic discrimination factor; TDF) for proline and 
phenylalanine (DPro/Phe = TDFPro – TDFPhe) for invertebrates. Both b and DPro/Phe are calculated 
from data compiled by Chikaraishi et al. (2014) and first published by Chikaraishi et al. (2009), 
(2010), and Chikaraishi et al. (2014). While it is more common to calculate trophic position 
using only the “canonical” trophic amino acid, glutamic acid, along with the “canonical” source 
amino acid, phenylalanine, we did not always have success in producing good chromatography 
for glutamic acid. Instead, we chose proline as the trophic amino acid for this calculation as it 
was the amino acid that had the most consistently good chromatography throughout the data 
analyses. Additionally, a recent study by McMahon et al. (2015) suggests that proline may be a 
more suitable trophic amino acid to use in trophic position calculations as DPro/Phe did not change 
with diet quality (assessed based on amino acid composition and protein content), contrary to all 
other DTrophicAA/Phe analyzed in their experiment. Trophic position was calculated using amino 
acid d15N values from periostracum samples from Seguin Island dated over the last 200 years. 
Modern trophic position was calculated using the amino acid d15N values from periostracum, 
carbonate, and adductor muscle samples from shell DRE and shell DMC.  
Trophic position trend through time was assessed using simple linear regression and 
Pearson’s correlation coefficient and the associated p value (df=n-2, significant at p<0.05). 
Uncertainty was assessed at 2s.  
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Figure 3.2. d13C (A and B) and d15N (C and D) isotope variability along a growth increment (A 
and C; see Figure 3.1B) and along the axis of maximum growth (B and D; see Figure 3.1A) for 
several different Arctica islandica specimens. The average, long-term, 2s combined analytical 
uncertainty is ±0.36‰ (Air) for d15N and ±0.22‰ (VPDB) for d13C. Different colors indicate 
individual shells. 
 
3.4 Results 
 
3.4.1 Periostracum variability across and along growth increments 
 
A comparison of changes in d15N and d13C along the axis of maximum growth and along 
a growth increment for several different shells shows increased variability along the axis of 
maximum growth for d13C (2s  = 2.98‰ VPDB) than along the growth increment (2s = 0.64‰ 
VPDB; Figure 3.2). These differences in variability are also shown, to a lesser extent, in the d15N 
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data, with data along the axis of maximum growth being more variable (2s = 1.04‰ Air) than 
data along the growth increment (2s = 0.48‰ Air).  
 
 
Figure 3.3. Biplot of periostracum d15N versus contemporaneous carbonate d15N. Each data point 
represent periostracum and carbonate samples sampled from the same Arctica islandica 
specimen during the same period of its growth for 40 clams. The line of best fit (r = 0.82, 
p<.0001) has the equation d15Nperiostracum = 0.63*d15Ncarbonate + 0.92. The average, long-term, 2s 
combined uncertainty is ±0.36‰ (Air). 
 
3.4.2 Bulk d15N 
 
Bulk d15N of periostracum shows a statistically significant correlation with d15N of 
contemporaneous carbonate from the same shell (r= 0.82, p<.0001, n=40 samples, each from a 
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different specimen; Figure 3.3), with carbonate d15N samples averaging 1.14‰ higher than 
periostracum d15N. 
 
Figure 3.4. Boxplots of d15N in periostracum, carbonate, and adductor muscle sampled from 
Arctica islandica specimens finished at the Darling Marine Center and the Damariscotta River 
estuary. The data are composed of 16 specimens, each sampled for contemporaneous 
periostracum, carbonate, and adductor muscle. The middle line of the box indicates the mean, the 
lower and upper edges of the box are the 25th and 75th quartiles, respectively. The whiskers 
indicate all of the data not considered outliers and the plus indicates the outlier. The average, 
long-term, 2s combined analytical uncertainty is ±0.36‰ (Air). 
Bulk d15N values of different tissues sampled from shells taken from the Damariscotta 
River Estuary and the Darling Marine Center are shown in Figure 3.4. Periostracum d15N values 
were lowest, averaging 1.3‰ lower than carbonate values and 2.9‰ lower than adductor muscle 
values. Carbonate d15N values were on average 1.5‰ lower than adductor muscle values. While 
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there was a statistically significant relationship between the periostracum and carbonate d15N 
(included in the data in Figure 3.3), the adductor muscle d15N did not correlate significantly with 
either the periostracum or carbonate samples.  
 
Figure 3.5. d15N records in the Gulf of Maine over the last ~80 years. (A) Comparison of 
periostracum bulk d15N values (this study, left y axis, black) with coral d15N values (Sherwood et 
al., 2011, right y axis, blue). Arctica islandica periostracum bulk d15N data was sampled from 
shells collected near Seguin Island. Horizontal bars reflect the amount of time integrated for each 
sample. The average, long-term, 2s combined analytical uncertainty for the periostracum d15N 
was ±0.36‰. Coral d15N data from the Northeast Channel are annually resolved and had a 2s 
analytical uncertainty of ±0.4‰. (B) Phenylalanine d15N values from periostracum samples 
taken from shells collected in the same location as the shells in (A). 2s combined analytical 
uncertainty for the periostracum amino acid d15N was ±1.9‰.  
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The time series comparison between the periostracum d15N data from this study and coral 
d15N from Sherwood et al. (2011) show similar trends of decreasing d15N of approximately 1‰ 
over the 77 years that the two records overlap (1926-2002), with a slight increase in the 1980s 
and again after the mid-1990s (Figure 3.5A). The slope of the trend of the coral d15N record over 
this time period was -0.007‰/year. The slope of the trend of the periostracum d15N record was        
-0.008‰/year. The estimated difference of the means of the regression coefficients was -0.001 
and the estimated variance was 2.92x10-5. The 95% confidence interval of the difference of the 
means of the regression coefficients, calculated using the standard error, was between -0.012 and 
0.010. Therefore, the null hypothesis that the difference in the regression coefficients is 0 cannot 
be rejected. The average bulk d15N over this time period for corals was 10.3±0.8‰, which is 
significantly higher than that for the A. islandica periostracum presented in this study, which was 
4.5±1.0‰. 
 
3.4.3 Amino acid concentrations 
 
Amino acid concentration and relative percent data for periostracum, carbonate, and 
adductor muscle samples are shown in Figure 3.6. The amino acid relative percent concentration 
for periostracum was dominated by glycine (average 60%), followed by tyrosine (average 15%). 
The carbonate sample was primarily composed of valine (12%), alanine (11%), tyrosine (11%), 
glycine (10%), and proline (10%). The adductor muscle was primarily composed of glutamic 
acid (17%) and aspartic acid (12%). Relative percent concentrations were calculated using 
concentrations in nanomoles/mg.  
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Figure 3.6. Amino acid composition of different tissue types. Concentrations (nanomoles/mg; 
left axis) and relative percent (right axis) for periostracum, shell, and adductor muscle sampled 
from shell DRE (blue) and shell DMC (red). Aspartamine and glutamine are converted to 
aspartic acid and glutamic acid upon acidification, respectively. Thus aspartic acid is a 
combination of aspartamine and aspartic acid. Similarly, glutamic acid includes glutamine and 
glutamic acid. See text for methods and description.  
 
No statistically significant trend was observed between amino acid relative percent 
concentration and either age or date of the specimen, suggesting amino acid concentrations are 
not changing over the lifespan of the clam or since the time of formation (Supplementary Figure 
A.2 in Appendix).  
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3.4.4 d15N of amino acids 
 
A clear difference between d15N of source amino acids and d15N of trophic amino acids 
was found in all three tissue types (Figure 3.7). Trophic amino acids averaged 6.4‰ higher than 
source amino acids. For periostracum samples only, source amino acids averaged 5.7‰ and 
trophic amino acids averaged 11.8‰, resulting in a difference of 6.1‰. Of note, the 
periostracum d15N values from Seguin Island (Figure 3.7B) were formed at varying times over 
the last several hundred years, which accounts for at least some of the variability seen here. For 
example, the d15N value of phenylalanine (the canonical source amino acid) decreased between 
the 1930s and the 1960s, with a slight increase in the 1980s and again in the 1990s, similar to 
bulk d15N values of periostracum (Figure 3.5B).  
No consistent difference in d15N of amino acids was observed between tissue types 
(Figure 3.7A). Although some offsets in d15N values between tissue types were present, most 
were not outside of the long-term analytical uncertainty. Trophic amino acid d15N values were 
more variable between tissues (average 2s of 3.4‰) than source amino acid d15N (average 2s of 
1.8‰). 
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Figure 3.7. d15N of amino acids measured in Arctica islandica tissue samples. (A) d15N of amino 
acids measured in periostracum (circles), carbonate (triangles), and adductor muscle (squares) 
samples from shell DRE (blue) and shell DMC (red; see text for description of collection 
location). (B) d15N of amino acids measured in A. islandica periostracum samples from Seguin 
Island shells. Colors represent individual samples. Horizontal lines indicate average d15N for 
trophic (11.8‰) and source (5.7‰) amino acids. These periostracum samples have dates ranging 
from the 1780s to present day. Therefore, at least some of the variability seen here can be 
explained by the different years of formation. Data for both subplots are grouped by whether 
they are considered trophic, source or other amino acids (see Section 3.1 of text for explanation). 
Running conditions did not allow for d15N data of all amino acids present (including alanine and 
lysine). The 2s analytical uncertainty is ±1.9‰.  
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The average source amino acid (methionine, phenylalanine, and tyrosine) value of the 
periostracum sample from shell DRE was 5.4‰. This compares well to the average source amino 
acid value of the adductor muscle sample taken from that same shell, which equaled 5.5‰. The 
average source amino acid d15N value for the periostracum sample taken from shell DMC was 
5.7‰. This compares very well to the average d15N of the sediment collected from Tank A (in 
which shell DMC grew) throughout the experiment, which was also 5.7‰ (Supplementary Table 
A.2 in the Appendix; Beirne, 2011). These values are slightly higher than those measured in the 
adductor muscle sample from the same clam, which averaged 4.3‰, although these values are 
still within 2s average analytical uncertainty of each other. The amino acid concentration of both 
carbonate samples was too low to calculate an average source amino acid d15N value. 
In modern samples (shell DRE and shell DMC, n=5), isotope mass balance calculations 
of the bulk d15N (calculated using Equation 3.1) based on the amino acid concentration and d15N 
values are depleted for periostracum relative to carbonate relative to adductor muscle and are 
positively correlated to measured bulk d15N values for these tissues (d15Nmass balance = 
0.826*d15Nmeasured + 0.072; r = 0.921; p < 0.05).  However, the isotopic offsets between the 
calculated and measured bulk d15N values range between 0.5 and 1.7 ‰ with more 15N depleted 
values associated with the isotope mass balance calculations. 
Using Equation 3.2, an average trophic position of 1.4±0.4 was calculated using amino 
acid d15N data from 13 periostracum samples from Seguin Island spanning an age range from 
1783 to 1997 (Figure 3.8). Propagating the error for the trophic position calculation based on the 
2s analytical uncertainty of ±1.9‰ for the d15N data results in a 2s analytical uncertainty of the 
trophic position calculation of ±0.5. No statistically significant trend through time was present 
for these calculated trophic positions (r=0.42, n=13, p=0.15). The trophic position calculated 
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from data from the two modern periostracum samples from shell DRE and shell DMC was 
1.7±0.1. The trophic position calculated from the two adductor muscle samples from these same 
shells was 1.1. The trophic position calculated from the carbonate of shell DMC was 2.0.  
 
Figure 3.7. Time series of calculated trophic position for Arctica islandica from Seguin Island, 
Gulf of Maine (green), using d15N of amino acids (phenylalanine and proline) measured in 
periostracum samples and Equation 3.2 in Section 3.3.9 of the text. Also included are trophic 
positions calculated from modern periostracum (circles), adductor muscle (squares) and 
carbonate (triangle) samples from shell DRE (blue) and shell DMC (red; see main text for a 
description). Error bars are 2s propagated analytical uncertainty of the trophic position 
calculation (±0.5). A trophic position of 1 indicates primary producers. A trophic position of 2 
indicates primary consumers.  
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3.5 Discussion and Conclusions 
 
3.5.1 Summary  
 
Periostracum samples from A. islandica shells were analyzed in order to determine 
whether bulk and compound specific d15N of periostracum could be used as a 
palaeoceanographic proxy for baseline d15N. The following are the main conclusions from this 
study: 
1. Analyses of variability in bulk and CSIA-AA d15N of periostracum, especially 
comparisons with carbonate d15N and POM d15N, suggest that periostracum does 
record changes in d15N of the POM incorporated by the clam and therefore changes in 
the d15N of the dissolved nitrogen substrates (assuming complete nitrogen drawdown) 
over the course of the clam’s lifetime.  
2. Amino acid composition and CSIA-AA d15N analyses of periostracum, carbonate, 
and adductor muscle suggest that differences in amino acid composition are a 
significant contributor to the observed offset in bulk d15N values between these three 
tissue types. 
3. Changes in periostracum bulk d15N values over time appear to record changes in the 
d15N of the dissolved nitrogen substrates of the water that these clams inhabited 
(assuming complete nitrogen drawdown) based on a lack of trend in calculated 
trophic position through time and the similarity in trend between d15N values of the 
source amino acid phenylalanine and bulk d15N of periostracum samples.  
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4. An ~80 year record of bulk d15N from periostracum corresponds well with a 
previously published record of d15N from deep-sea corals in the Northeast Channel 
(the mouth of the Gulf of Maine), suggesting that d15N in periostracum of clams 
collected in the western Gulf of Maine may be recording changes in broader North 
Atlantic conditions. 
   
Together, these findings suggest that periostracum d15N records changes in baseline d15N 
of dissolved nitrogen substrates over time. Therefore, this study presents periostracum d15N as a 
new, paleoceanographic proxy for water source changes and nitrogen cycling processes and 
therefore provides a valuable additional tool with which to study past ocean conditions on high-
resolution time scales. Below we discuss these findings in detail.  
 
3.5.2 Periostracum as a viable d15N proxy archive alternative to carbonate and soft tissue 
 
Adductor muscle and carbonate of bivalve shells has been shown to be an archive of the 
nitrogen isotope signature of the suspended organic matter that is the bivalve’s food source 
(Minagawa and Wada, 1984; LeBlanc, 1989; Post, 2002; O'Donnell et al., 2003; Fukumori et al., 
2008; Watanabe et al., 2009; Kovacs et al., 2010; Graniero et al., 2016; Gillikin et al., 2017). Our 
data show that periostracum also archives dietary nitrogen isotope composition throughout the 
clam’s life. 
To support the hypothesis that periostracum can act as an archive of dietary nitrogen 
isotope composition through time, we must first confirm that periostracum is formed sequentially 
throughout the lifespan of the clam and not periodically replaced. Periostracum is primarily 
formed from the periostracal groove (Saleuddin and Petit, 1983; Checa, 2000), which is located 
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along the outer mantle edge (see Figure 3.1C). It is therefore improbable that periostracum could 
be replaced or partially replaced through time. To support this mechanistic conclusion, we 
analyzed d15N and d13C variability both along a growth increment and along the axis of 
maximum growth (i.e., across growth increments during ontogeny). If periostracum was 
periodically replaced during the lifespan of the clam, we would expect no difference in isotopic 
variability along a growth increment versus across growth increments as all of the periostracum 
would be formed at the same time and therefore would incorporate the same isotopic signature. 
This scenario is not the case as there is more isotopic variability across growth increments than 
along growth increments. This suggests that periostracum is formed and preserved as the clam 
grows, although we acknowledge that alternative scenarios of partial replacement of 
periostracum could still result in these isotope variability profiles and more experiments are 
needed in order to confirm what mechanistically seems most probable.  
The periostracum and carbonate bulk d15N values have a statistically significant positive 
relationship suggesting that the periostracum is indeed recording similar nitrogen isotope 
patterns as the carbonate, although the d15N values are higher in carbonate samples, as discussed 
below (for a note on the importance of sampling technique and the impacts of time averaging 
when comparing the d15N of different tissue types, see the supplementary information in the 
Appendix). This relationship would suggest a common nitrogen isotope source, presumably the 
clam’s ingested food. The additional similarities between the average source amino acid d15N of 
the periostracum and adductor muscle samples also suggest a common nitrogen isotope source, 
which is shown to be the POM that the clam is ingesting by the very similar match between the 
d15N of the periostracum sample taken from shell DMC, collected in Tank A, and that of the 
sediment also taken from this tank. It should be noted that water running through Tank A at the 
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Darling Marine Center is pumped from the Damariscotta River estuary. Therefore, the d15N of 
the sediment of Tank A (5.7‰) should also closely match the POM in the Damariscotta River 
estuary where shell DRE was collected (periostracum: 5.4‰; adductor muscle: 5.5‰).  
Additionally, we can compare the source amino acid d15N data from all periostracum 
samples analyzed (5.7‰) to surface suspended POM d15N values in water samples collected 
throughout the Gulf of Maine in spring, summer, and autumn between 2000-2003 and presented 
in Sherwood et al. (2005). The average d15N of these POM samples was 4.1 ± 1.2‰. Therefore, 
periostracum source amino acids record slightly higher d15N values than that found for Gulf of 
Maine water samples. However, the values are similar when taking into account analytical 
uncertainty and differences may be due to differences in specific location between where the 
water samples and the clams were collected, as well as differences in collection years. However, 
more data are needed in order to evaluate better this relationship between d15N of POM samples 
and source amino acid d15N of periostracum.  
The offset in bulk d15N of periostracum compared to contemporaneous carbonate as well 
as adductor muscle can be explained in part by the differences in the amino acid composition of 
the different tissues. The amino acid composition of periostracum is primarily composed of 
compounds that are relatively depleted in 15N (e.g. glycine and tyrosine), whereas the amino acid 
composition of adductor muscle is dominated by compounds that are relatively enriched in 15N 
(e.g. aspartic acid and glutamic acid). The amino acid composition of the carbonate lies 
somewhere in the middle, as it is composed of both amino acids relatively depleted in 15N (e.g. 
glycine and tyrosine) and relatively enriched in 15N (e.g. alanine, proline, and valine). These 
findings are consistent with what others have found for both A. islandica as well as other 
bivalves (Degens et al., 1967; Meenakshi et al., 1969; Hunt, 1987; Haugen and Sejrup, 1990; 
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Pranal et al., 1995). Gillikin et al. (2017) note that, based upon their work and a compilation of 
other published data, the exact relationship between carbonate and soft tissue appears to vary 
depending on the polymorph of carbonate, with calcite d15N values similar or higher than those 
of soft tissue and aragonite (of which A. islandica is composed) d15N values lower than those of 
soft tissue. This observation is consistent with our findings here. These authors hypothesize that 
these differences are related to different compositions of amino acids between the two carbonate 
polymorphs, which our data also support.  
It is also possible that the differences observed in bulk d15N between periostracum, 
carbonate, and adductor muscle could be related to differences in the d15N of the individual 
amino acids composing each tissue type. Misarti et al. (2017) found that while source amino acid 
d15N values did not change between tissue type (specifically between shell and soft tissue), 
trophic amino acid d15N values were offset between shell and soft tissue, with generally higher 
d15N values found in the shell. Misarti et al. (2017) hypothesized that this difference could be 
related to several factors, including differences in the turnover time of different proteins in the 
different tissues, which would affect the trophic and source amino acids differently. We found no 
evidence for consistent differences in d15N of amino acids between the different tissue types 
analyzed in this study (Figure 3.7A). However, trophic amino acid d15N values were more 
variable between tissue type than the source amino acid d15N values, although differences in 
d15N between tissue types were generally not outside of the 2s analytical uncertainty with a 
couple of exceptions. The increased variability between tissue types for trophic amino acid d15N 
compared to source amino acid d15N is consistent with what Misarti et al. (2017) found, although 
again there are no consistent offsets observed in either the trophic or source amino acid d15N 
values. The isotope mass balance equation calculation suggests an underestimate of 15N depleted 
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amino acids in the mass balance calculations. More data are needed to understand the impact of 
amino acid concentrations and isotopic composition on the d15N of the bulk tissues. 
The above discussion suggests that modern periostracum can be used as a proxy for d15N 
of the food of the clam at the time that the periostracum was formed. In addition, periostracum 
formed before modern times and collected from old and dead-caught shells seems to offer 
promise for recording past changes in d15N. The fact that there are no statistically significant 
trends in the relative percent of amino acids in periostracum either with the age of the clam or 
with the age of the specimen (Supplementary Figure A.2 in Appendix) suggests that amino acids 
are not influenced by the age of the clam and little diagenesis or degradation has occurred in the 
samples, respectively. Both findings are important in showing the periostracum can be a viable 
archive of d15N at least on century time scales. 
 
3.5.3 Periostracum as a proxy for changes in western North Atlantic conditions 
 
Changes in trophic position can lead to increases in the d15N of the trophic amino acids. 
This would consequently lead to large changes in the bulk d15N record that could be 
misinterpreted as changes in water mass source d15N. The hypothesis that the A. islandica 
species has had a stable trophic position over the last several centuries can be tested by assessing 
the calculated trophic position of these clams through time by CSIA-AA and using Equation 3.2. 
The variability in calculated trophic position through time is not outside the propagated 
analytical uncertainty (±0.5) and therefore is not significant.  
Our calculated average trophic position of 1.4±0.4 for A. islandica, which is a suspension 
feeder primarily eating phytoplankton, is lower than the expected trophic position of 2 for 
primary consumers. Similar problems of underestimating trophic position using amino acid d15N 
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data from bivalves (analyzed from soft tissue samples for these studies) have been reported 
elsewhere (Vokhshoori and McCarthy, 2014; Ek et al., 2018). A more accurate calculation of 
trophic level for A. islandica could be made by the determination of a species specific 
DTrophic/Source value. The DTrophic/Source value has been shown to vary widely for different species 
(McMahon and McCarthy, 2016; Ohkouchi et al., 2017) and the values used in Equation 3.2 are 
averages of a range of invertebrates, not including A. islandica and including only one other 
bivalve (Crossostrea sp.). Interestingly, while the trophic position calculated using amino acid 
d15N from adductor muscle is even lower (1.1) than that calculated using periostracum samples, 
the trophic position calculated from the single carbonate sample of 2.0 is what would be 
expected for A. islandica. While we did not collect enough data for this study to determine 
whether this difference in calculated trophic position using different tissues holds up over many 
samples, this difference is worth exploring in future work. It is possible that a calibration 
between tissue types is required in order to more accurately calculate trophic position of an 
organism, as suggested by Misarti et al. (2017). It should be noted that while more work needs to 
be done in order to correctly calibrate the trophic position calculation for bivalves, analyzing the 
variability in trophic position through time calculated using the same equation and tissue type, as 
discussed below, should still be a valid exercise. 
There is no statistically significant long term trend in calculated trophic position over the 
last 250 years and any variability that is present does not help to explain the trends seen in the 
bulk d15N data over the last 100 years (Figure 3.5A). Instead, the similar decrease in 
phenylalanine d15N values from periostracum samples formed over this time period (Figure 
3.5B) suggest that this decreasing bulk d15N values are related to a change in the d15N values of 
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the food the clams are consuming. These changes are in turn likely related to a change in the 
baseline d15N values of the dissolved nitrogen substrates in the water. 
While the above discussion suggests that the bulk d15N changes in the periostracum are a 
reflection of the d15N changes of the food, these d15N changes in the food could in turn be 
influenced not only by the nitrogen isotopes of the dissolved nitrogen substrates in the water but 
also the availability of these substrates. Kinetic isotopic fractionation leads to phytoplankton 
having nitrogen isotopes signatures depleted in 15N relative to the dissolved nitrogen substrates 
in the water (Waser et al., 1998). However, if all of the dissolved nitrogen substrates are 
consumed, the phytoplankton d15N will be that of the dissolved nitrogen substrates (Altabet and 
Francois, 1994; Waser et al., 1998; Needoba et al., 2003; Sherwood et al., 2011). Therefore, in 
regions of the world’s oceans where nitrogen is the limiting nutrient, the nitrogen isotope 
signature of the phytoplankton will reflect the nitrogen isotope signature of the dissolved 
nitrogen substrate of the water in which the food source was living, allowing for records of d15N 
preserved in bivalve shells to be interpreted as records of d15N of the dissolved nitrogen 
substrates in the water. 
Past studies have suggested that silica, not nitrogen, is the limiting nutrient throughout 
much of the Gulf of Maine, although there is some evidence that nitrogen has become the 
limiting nutrient in the last several decades as more Scotian Shelf Water, which is high in 
silicate, has entered the Gulf of Maine (Townsend et al., 2010). Regardless, near the coast, where 
the clams for this study were collected, river water runoff contributes higher concentrations of 
silicate to the surface waters (Schoudel, 1996; Anderson et al., 2008), dictating that nitrogen is 
the limiting nutrient in this region (Townsend and Ellis, 2010; Townsend et al., 2010). Where 
comprehensive studies of surface nitrate concentrations are available, it appears that most of the 
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surface waters of the Gulf of Maine have very little to no nitrate due to complete drawdown by 
phytoplankton except for a region of the eastern Gulf of Maine, where tidal mixing brings nitrate 
up from depth and surface currents carry these higher nitrate concentrations along shore until 
approximately Penobscot Bay (Townsend et al., 1987; Townsend et al., 2005; Townsend et al., 
2010). It is therefore important to carefully choose sampling sites for d15N reconstructions where 
nitrogen is the limiting nutrient. Seguin Island, where the samples for Figure 3.5 were collected, 
is near the coast in the western Gulf of Maine (see Supplementary Figure A.1 in the Appendix) 
and therefore it is safe to assume that nitrogen is the limiting nutrient in this region.  
The above discussion suggests that d15N of periostracum amino acids of A. islandica in 
the western Gulf of Maine can be used as a proxy for d15N of the dissolved nitrogen substrates in 
that region. However, there are multiple factors that influence d15N in the water column (e.g. 
Naqvi et al., 1998; Somes et al., 2010), including nitrogen assimilation by phytoplankton 
(Altabet and Francois, 1994; Wu et al., 1997; Waser et al., 1998; Sigman et al., 1999; Needoba et 
al., 2003), movement and remineralization of suspended organic particles (Altabet, 1988; Knapp 
et al., 2005), nitrogen fixation (Liu et al., 1996; Karl et al., 1997; Knapp et al., 2005; Knapp et 
al., 2008), denitrification (Brandes et al., 1998; Voss et al., 2001; Brandes and Devol, 2002; 
Deutsch et al., 2004), and water mass origin (Marconi et al., 2015; Van Oostende et al., 2017). 
Determining how much of the d15N record derived from periostracum is influenced by local 
nutrient cycling or river runoff changes and how much is related to broader western North 
Atlantic changes in ocean currents and subsequent changes in sources for water entering the Gulf 
of Maine can be challenging.  
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One way to evaluate this record for local versus regional influences is by looking at other 
d15N proxy-derived records in the region. Sherwood et al. (2011) used compound specific d15N 
from deep-sea gorgonian corals collected from in the Northeast Channel, which is the narrow 
entrance to the Gulf of Maine that deep slope waters flow through (see Supplementary Figure 
A.1 in the Appendix) to suggest changes in the proportion of slope water entering the Gulf of 
Maine between 1926 and 2002. Because this record is at the entrance to the Gulf of Maine, 
changes in the d15N in the corals likely reflects broader western North Atlantic changes. The 
authors argued that an approximately 1‰ decrease in nitrogen isotopes in corals over the record 
suggests that a higher proportion of WSW, which has lower d15N values than LSW, has entered 
the Gulf of Maine recently, suggesting changes in ocean current position with the Gulf Stream 
shifting northward over time. Both the Sherwood et al. (2011) coral d15N record and the 
periostracum d15N record presented here show similar trends and are shown here to not be 
statistically different from each other. These similarities in trends suggest that the changes in 
periostracum d15N in the last century reflect broader regional western North Atlantic Ocean 
dynamic changes. The significant offset in average bulk d15N between the clams sampled for this 
study and the corals sampled in the Sherwood et al. (2011) paper (Figure 3.5A) can be explained 
by several factors. P. resedaeformis have been shown to have a trophic level of 3.6 (Sherwood et 
al., 2005) and are therefore largely carnivorous. This trophic level is significantly higher than the 
trophic level found for the A. islandica sampled in this paper of 1.4 and explains a significant 
amount of the offset seen between the two time series. Additionally, the differences in amino 
acid concentrations between P. resedaeformis and A. islandica also likely explain some of the 
offset.  
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3.6 Implications and Future Work 
 
This paper presents a methods case study on using periostracum as a paleoceanographic 
proxy for changes in baseline d15N. This paper has significant implications for both studies on 
changes in Gulf of Maine and western North Atlantic hydrography over the last several centuries 
as well as marine paleoenvironmental research in general. 
Paired d15N measurements of the periostracum and periostracum amino acids of 
absolutely dated A. islandica shells are shown in this study to be a proxy for changes in baseline 
d15N and offer the opportunity to extend the Sherwood et al. (2011) coral d15N record back 
beyond the instrumental record. The coral d15N record only has four data points before 1926, all 
of which have large dating errors associated with them. This would enable an investigation of  
whether the recent changes in ocean current position suggested by the coral d15N data are truly 
unique over the last several centuries, as Sherwood et al. (2011) suggest. The coral d15N data 
from Sherwood et al. (2011) have been used as evidence to support sea surface temperature and 
modeling work that suggests that the Atlantic Meridional Overturning Circulation (AMOC) has 
been weakening over the last century as a result of freshening of Arctic and North Atlantic 
waters from increased river runoff, and ice sheet and sea ice melt (Rahmstorf et al., 2015; Caesar 
et al., 2018). A northward shift of the Gulf Stream has been shown to be related to a weakening 
of the Deep Western Boundary Current, which flows to the southwest along the eastern 
continental shelf of North America and is the bottom component of the AMOC (Joyce et al., 
2000; Peña-Molino and Joyce, 2008; Zhang, 2008; Joyce and Zhang, 2010). A more northerly 
Gulf Stream brings warmer waters, including WSW, closer to the Gulf of Maine and inhibits the 
southward passage of colder waters, including LSW, via the Labrador Current (Saba et al., 
2015). Extending this regional d15N baseline record farther back in time using d15N of 
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periostracum and periostracum amino acids in western Gulf of Maine A. islandica shells could 
lend much needed insight into high resolution changes in AMOC strength over the last several 
hundred years.  
This study demonstrates that d15N of periostracum and periostracum amino acids is a 
viable proxy for future paleoceanographic research in multiple different areas of study and many 
regions around the world. By demonstrating that periostracum preserves changes in baseline 
d15N, this study introduces periostracum d15N as a new, high resolution, absolutely dated 
paleoceanographic proxy for any nitrogen cycling or ocean dynamic process that affects baseline 
d15N. While this study investigates only periostracum of A. islandica shells, future work should 
investigate whether d15N of periostracum of other species of mollusks can also be used as a d15N 
baseline proxy.  Additionally, while preservation is dependent on multiple variables including 
exposure and location, periostracum has been found by the authors of this study to be preserved 
on shells that are several millennia old, suggesting this proxy could be used to reconstruct 
nitrogen baseline d15N thousands of years ago. However, a rigorous test of diagenesis would be 
needed for such a study as there is no current knowledge on how the d15N of periostracum is 
preserved on millennia timescales. It should be noted that, as with any paleoceanographic proxy, 
there are assumptions that must be made with using d15N of periostracum as a proxy for baseline 
d15N, most notably the assumption that nitrogen drawdown is complete in the study location and 
has been over the time period of study. This assumption is necessary for any d15N baseline proxy 
where the extent of nitrogen drawdown cannot be independently addressed. By using CSIA-AA 
of d15N, the additional assumption that trophic level of the bivalve has not changed over time can 
be assessed.  
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Abstract 
The Gulf of Maine is one of the fastest warming regions of the world’s oceans. Given the 
limited instrumental record available, the timing and initial cause of this warming are unclear, 
although several recent studies have suggested a weakening Atlantic Meridional Overturning 
Circulation (AMOC) may play a role. Here, we present multiple, 300-year long geochemical 
environmental proxy records obtained from Arctica islandica shells: oxygen  (d18O) and nitrogen 
(d15N) isotope records, as well as a previously published radiocarbon (D14C) record. 
Additionally, we show sea surface temperature multi-ensemble mean modeling simulations from 
the Community Earth System Model-Last Millennial Ensemble (CESM-LME) for the Gulf of 
Maine region. Segmented regression analysis of the d18O and CESM-LME SST records suggests 
that the Gulf of Maine has been warming since the 1870s/1880s, following a cooling of the 
region out of the Little Ice Age. The similarity between the d18O and CESM-LME SST records 
suggest these changes were externally forced. In addition, d15N and D14C records show very 
similar trends to the d18O record after the 1840s and therefore suggest that the warming seen in 
the Gulf of Maine since the 1870s is largely a result of changes in the proportion of water masses 
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entering the Gulf of Maine, with increasing northward flowing Warm Slope Water entering the 
region over the last century. The d18O record is strongly correlated with several short 
instrumental records of AMOC strength. Furthermore, multiple previously published, high-
resolution proxy records of AMOC strength suggest that the AMOC started weakening at the end 
of the 19th century, which is consistent with the observed warming in the Gulf of Maine. The 
records presented here suggest this weakening may have been preceded by a short-term 
strengthening of the AMOC out of the Little Ice Age. 
 
4.1 Introduction 
The Gulf of Maine, a semi-enclosed sea on the east coast of North America, has recently 
undergone significant warming, including increases in sea surface temperatures (SSTs) greater 
than 99.9% of the global ocean (0.23°C per year from 2004-2013)1, extreme marine SST 
heatwaves, including in 2012 and 20162,3, and bottom water temperature increases, particularly 
in the late summer, autumn, and winter, when warming at 20-150 m depth has been as high as 
0.5°C yr-1 since 2004 4. This extreme warming has already had a significant effect on Gulf of 
Maine ecosystems. Warming has been linked to the stagnation or collapse in the recovery of 
several species and fisheries in the Gulf of Maine, including right whales (Eubalaena glacialis) 4 
and the cod (Gadus morhua) fishery1. Warming has also been implicated in the change in timing 
of lobster landings, which has wreaked havoc on the world-renowned lobster industry 2. 
The causes of the extreme warming in the region are likely multiple, including increases 
in atmospheric temperatures3 and pressures5 and the influence of various internal modes of 
climate variability, specifically decadal to multidecadal variability in the Atlantic5 and decadal 
variability in the Pacific1. However, multiple studies have implicated the position of the Gulf 
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Stream relative to the Gulf of Maine, influenced by the strength of the Atlantic Meridional 
Overturning Circulation (AMOC)6-9, as the primary driver of at least some of the extreme 
warming that this region has undergone recently1,4,5,10, with a more northerly Gulf Stream, as the 
result of a weakening AMOC, resulting in warmer water in the Gulf of Maine region10.  
Most of the Gulf of Maine warming and the links between the AMOC and Gulf of Maine 
water properties have been assessed using modeling results10 or very short (<40 years) 
instrumental records1. The longest instrumental record available is a SST record from Boothbay 
Harbor, Maine, which was put in in 190511. The Gulf of Maine has been warming since this 
instrumental record was first put in, undergoing 2.2°C warming per century (based on annual 
averages from 1906-2018). Very little is known about Gulf of Maine water properties before the 
Boothbay Harbor SST record was installed. Wanamaker, et al.12 use annually-resolved oxygen 
isotopes in shells of the marine bivalve Arctica islandica to suggest that the Gulf of Maine has 
been cooling by 1-2°C over the last millennia, consistent with other records in the northwestern 
Atlantic13. However, the time series presented in the Wanamaker et al.12 study is not continuous 
and has large periods of time without data. Additionally, oxygen isotopes in bivalve shells are 
not only influenced by temperature but also by changes in the oxygen isotopes of the water, 
which covary with salinity. It is therefore not known when the warming documented by the 
instrumental records began or how unique this warming is in the context of the last several 
centuries. It is also not known how the AMOC may have impacted water temperatures and other 
water properties in the Gulf of Maine in the past with the exception of a study by Sherwood, et 
al.14. The Sherwood, et al.14 study uses d15N in deep sea gorgonian corals to show large water 
property changes in the Gulf of Maine in the last 80 years (since 1926) and attributes these 
changes to increasing WSW in the region, which has been suggested to be the result of a 
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weakening AMOC15. A better understanding of natural variability in water properties and the 
major climatic drivers, be it AMOC strength or otherwise, that influence the water properties in 
this region is critical in order to assess the current warming trends and predict future 
oceanographic conditions in the Gulf of Maine.  
Here we present a 300 year reconstruction of Gulf of Maine hydrographic variability 
using three different proxies of water properties, which are then compared to modeling output 
from the region. Reconstructing water properties in the Gulf of Maine provides the opportunity 
to reconstruct changes in the proportion of water masses in the region. The reconstructed water 
properties in this study are derived from chemical proxies from A. islandica shells: oxygen 
isotopes (d18O) as a proxy for seawater temperature (higher d18O indicate colder temperatures if 
the d18O of the water is kept constant), radiocarbon age (D14C) of waters16, and nitrogen isotopes 
(d15N) of dissolved nitrate. All three water properties differ between slope waters entering the 
Gulf of Maine: Warm Slope Water (WSW) formed adjacent to the Gulf Stream and Labrador 
Slope Water (LSW) carried down from the Labrador Sea by the Labrador Current) and can 
therefore be used to track changes in the proportion of these slope waters through time. WSW is 
warmer17,18, younger with respect to radiocarbon19-21, and has lower nitrogen isotopes of 
dissolved nitrate14,22 when compared to LSW. The objectives of this study are to: 1) reconstruct 
the water mass history in the Gulf of Maine for the last 300 years using multiple proxy records; 
2) evaluate this hydrographic variability in the context of possible driving mechanisms; and 3) to 
determine when the observed warming in the Gulf of Maine began. 
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Figure 4.1. Map of the Northwest Atlantic and the Gulf of Maine. Arrows show relative strength 
of major North Atlantic surface currents. Hexagons mark the location of the formation of major 
water masses influencing the Gulf of Maine, although the water composing these major water 
masses comes from elsewhere (upstream). Circles show sites of paleoceanographic studies 
discussed in the text. Map modified from Whitney, et al. 56. The Gulf of Maine is outlined by the 
grey box, shown in more detail in the inset. Inset shows surface currents in the Gulf of Maine 
with thickness indicating relative strength (modified from Pettigrew, et al. 57). Markers shows the 
location of the study site (green circle) and the Boothbay Harbor sea surface temperature record 
(star).  
 
4.2 Results 
4.2.1 Geochemical Reconstructions 
A. islandica shells used in this study were collected from near Seguin Island (western 
Gulf of Maine; 43.714151°N, 69.751652°W; Figure 4.1) at 38 m depth in 2010, 2011, 2012, and 
2014. 34 shells were cross-dated into a chronology extending from 1761-2013 (Figure 4.2)23,24, 
with several shells individually dated before 1761. Two separate proxy records of water mass 
variability (oxygen isotopes - d18O - and nitrogen isotopes - d15N) are reconstructed from these 
shells and presented here (Figure 4.3). The d18O record is an annually resolved record and 
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extends from 1694 to 2013. The record is continuous after 1769. The d15N record is a decadally 
resolved record, which extends from 1751 to 2008. The amount of time integrated varies from 1 
to 21 years (average = 5 years, 2s = 10 years, n=89). Samples dated after 1927 were previously 
published in Whitney, et al. 22.  Additionally, these records are compared to a radiocarbon (D14C)  
record previously published in Lower-Spies, et al. 16. The D14C record is a decadally resolved 
record and extends from 1685-1935. The D14C integrates between 2 and 29 years of data per 
sample (average = 10 years, 2s = 12 years, n=35). 
 
 
Figure 4.2. The detrended growth index of the master chronology used to date the shells used in 
this study. Figure modified from Wanamaker, et al.23. Each color represents an individual shell 
(34 total). Black thick line is the master chronology, calculated using a biweighted robust mean 
(see Wanamaker, et al.23 for details). Inset shows samples of Arctica islandica shells, including a 
whole shell valve (left) and a cross section of a shell blocked in epoxy. Rectangles show 
examples of regions that were targeted for sampling: red - exterior carbonate for D14C analyses; 
yellow – periostracum for d15N analyses; blue – interior carbonate either D14C or d18O analyses.  
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Figure 4.3. Geochemical signatures from Arctica islandica shells: (a) d18O record; (b) D14C 
record (previously published in Lower-Spies, et al.16; note the reversed y axis); (c) d15N record 
(data from 1926 to present previously published in Whitney, et al.22). Green, orange, and purple 
lines are three year running averages. Horizontal error bars indicate the amount of time 
incorporated for each sample for D14C and d15N records. The d18O record is annually resolved 
after 1769. The grey regression lines on the d18O record (a) are the result of the segmented 
regression analysis with the breakpoint at 1875 (see text for details). The long-term, 2s 
analytical uncertainty is ±0.18‰, ±0.36‰, and ±5.8‰ for d18O, d15N, and D14C, respectively. 
Grey bars indicate century intervals. Up indicates increased Labrador Slope Water for each 
panel. 
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d18O, d15N, and D14C all show centennial scale variability since the late 17th century 
(Figure 4.3). Broadly speaking, all three water mass proxy records suggest significant regime 
shifts in the last 200 years in the Gulf of Maine. In the early 1800s, waters in the Gulf of Maine 
are dominated by relatively low d18O (indicative of warmer or fresher waters), low d15N, and 
high D14C waters. This water composition regime is followed by a relatively rapid shift in 
hydrographic properties throughout the mid to late 1800s to waters dominated by relatively high 
d18O (indicative of colder or more saline waters), high d15N, and low D14C waters. This 
hydrographic composition peaks in the 1870s, as shown by segmented regression analysis on the 
d18O record, and waters in the region shift towards an increasing proportion of waters with low 
d18O, low d15N, and high D14C, which continues to present day. 
Before 1800, the d18O record is in broad agreement with the previously published D14C 
record, with decreasing d18O and increasing D14C from the beginning of the record to the early 
1700s, followed by slightly increasing d18O values and decreasing D14C until the more rapid 
regime shift in the mid 1800s described above. This shift in water composition is accompanied 
by increasing d15N values at the beginning of that record (1750) followed by decreasing values in 
the early 1800s. 
Table 4.1. Highest correlations found for 12 month periods (without applying any smoothing) 
between the d18O record from this study and instrumental derived records. Lag positive indicates 
d18O record lagging climate parameter. 
Climate 
parameter 
Correlation 
(r) 
p value Time period Lag* Number of years 
of overlap 
AMOC 0.90 0.0023 Jul-Jun 8 months 8 
AMO -0.27 0.0026 Feb-Jan 4 months 122 
BBH SST -0.37 0.0001 Sep-Aug 0 months 105 
Florida Current 0.59 0.0062 Dec-Nov 11 months 20 
NAO 0.21 0.0039 Jul-Jun 23 months 187 
PDO 0.19 0.042 Jun-May 7 months 112 
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Figure 4.4. Geochemical proxies and the instrumental record in the Gulf of Maine. Top panel 
shows these records over the last 1000 years, with the bottom panel showing the same records 
since 1680 (highlighted by the black box in the top panel). All lines are three-year running 
averages. Green = d18O (this study); Purple = d15N (this study and Whitney, et al. 22); Orange = 
D14C (Lower-Spies, et al. 16); Yellow = d18O (Wanamaker, et al. 12); Black =Boothbay Harbor 
sea surface temperature instrumental record.  
 
4.2.2 Comparison to Instrumental Records and North Atlantic Climate Drivers 
The highest significant correlations found between the d18O record and instrumental 
records of Boothbay Harbor SSTs and North Atlantic climate drivers are shown in Table 4.1. 
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The d18O record is significantly negatively correlated with the Boothbay Harbor SST record 
(Table 4.1 and Figures 4.4 and 4.5). The highest correlation (r=-0.37, p<0.0001, n=105, no lag) 
is found for the 12 month time period between September and August.  
While a short record, the record of AMOC strength at 26°N was found to have the 
highest correlations with the d18O record, where as much as 81% of the variability in the d18O 
record could be explained by AMOC strength variability (December-November, d18O record 
lagged by 7 months, r=0.90, p=0.0023, n=8). This finding is corroborated by the high 
correlations found between the d18O record and the records of the Florida Current, a surface 
component of AMOC (see Table 4.1).  
The Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO) 
both have significant correlations (positive and negative, respectively) with the d18O index. 
There were no significant negative correlations between the d18O record and the North Atlantic 
Oscillation (NAO). A negative correlation would be expected given the assumed relationship 
between the NAO and Gulf of Maine SSTs from previous studies25,26. Several statistically 
significant positive correlations were found between the NAO and the d18O record, however 
these were all relatively weak. 
 
4.2.3 CESM-LME SST Output 
The multi-ensemble mean of the Community Earth System Model-Last Millennium 
Ensemble (CESM-LME) September-August SST simulations for the Gulf of Maine region 
(Figure 4.5; month window chosen to correspond to the highest correlations between the d18O 
record and the Boothbay Harbor SST record, see Table 4.1) shows a long-term, gradual cooling 
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in the region over the last millennium followed by a relatively rapid warming. Segmented 
regression analysis of the fully forced model suggests this warming begins in 1884 (Figure 4.5).  
 
Figure 4.5. Comparison of CESM-LME sea surface temperature (SST) output with isotopic and 
instrumental records. (a) The d18O record (green; note the reversed y-axis)) with linear regression 
lines (grey) from segmented regression analysis. The breakpoint is 1875. (b) The CESM-LME 
SST multi-ensemble mean z-scores (blue) for the months September-August with linear 
regression lines (grey) from the segmented regression analysis. The breakpoint is 1884. (c) A 
map of the region over which the CESM-LME SST output is averaged (blue shading). This map 
is the same basemap as the inset in Figure 4.1 and shows the study site (green circle) and the 
location of the Boothbay Harbor (BBH) SST record (black star). (d) The d18O record from this 
study (green; note the reversed y-axis) with the CESM-LME SST multi-ensemble mean z-scores 
(blue) for the months September-August and the d18O record from Wanamaker, et al.12 (yellow; 
plotted on the same y-axis as the d18O record from this study) and the BBH SST record (black). 
All non-linear regression lines are three year running averages.  
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4.3 Discussion 
4.3.1 When did the warming in the Gulf of Maine begin? 
As shown by the correlation between the Boothbay Harbor SST record and the d18O 
record presented here, d18O values from A. islandica shells are a proxy for September-August 
SSTs in the Gulf of Maine, suggesting that A. islandica in the Gulf of Maine likely lay down 
increment bands in early autumn and therefore one shell increment represents oceanographic 
conditions from one autumn to the next. Discrepancies between the d18O records and the 
Boothbay Harbor SST record can be explained by differences in depth (surface versus 38 m 
depth where the A. islandica shells were collected from) and changes in the d18O value of the 
water, which covaries with salinity and affects the d18O of the shell. Therefore, when using d18O 
values as a proxy for SST, constant d18O of the water and thus salinity must be assumed. While 
there have been no long-term changes in salinity over the course of the available instrumental 
record in the Gulf of Maine, and therefore presumably no long-term changes in d18O of the water 
12, there is little knowledge of year-to-year variability in d18O of the water at the shell collection 
site (see Chapter 2).  
Segmented regression analysis on the d18O record from this study suggests that the Gulf 
of Maine has been warming since the 1870s. The timing of this warming is corroborated by the 
CESM-LME multi-ensemble mean September-August SST output, which suggests a warming 
beginning in 1884. The similarities between the d18O record and the CESM-LME output suggest 
that the location where shells used in this study were collected is representative of the whole 
Gulf of Maine region, over which the CESM-LME is averaged.  
The similarity in trend between the d18O record and the other water mass proxies, d15N 
and D14C, suggests that this warming is driven to a large extent by changes in the proportion of 
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slope water masses entering the Gulf of Maine, with the proportion of WSW in the Gulf of 
Maine increasing since the 1870s. For the 30 years prior to the 1870s, all three geochemical 
proxy records suggest that the proportion of LSW in the Gulf of Maine was steadily increasing. 
As shown in both the d18O record and the CESM-LME output, this increase in LSW led to a 
steady cooling in the Gulf of Maine during this time period, with water temperatures in the early 
1800s warmer than during the turn of the 20th century. These reconstructions therefore suggest 
that the Boothbay Harbor SST instrumental record, which was put in in 1905 and hence is the 
longest SST record in the Gulf of Maine and one of the longest on the east coast of North 
America, was put in during close to the coldest period in the Gulf of Maine during the last 300 
years (Figures 4.4 and 4.5). This finding emphasizes the need for longer oceanographic records 
as even the longest instrumental records are not capturing the full extent of variability in the Gulf 
of Maine oceanographic system.  
The d18O record agrees well with the latter part of the Wanamaker, et al.12 d18O record, 
constructed from shells collected near to those used in this reconstruction, where both overlap 
(1864-2003; Figures 4.4 and 4.5). The difference in absolute d18O values between these two 
records can be explained by the shallower location of the shell from the Wanamaker, et al.12 
study (30 m water depth for the Wanamaker, et al.12 study versus 38 m water depth in this study), 
causing the d18O values to be slightly lower, indicating warmer temperatures closer to the surface 
due to seasonal stratification in the region23.The geochemical proxies presented in this study fill 
in missing data on water mass source between the 1680s and 1860s not available in the 
Wanamaker, et al.12 study. The long-term cooling in the region suggested by the Wanamaker, et 
al.12 study is also found in the CESM-LME SST output (Figure 4.5). Therefore, the relatively 
rapid cooling in the mid-to-late 1800s followed by a significant warming in the 1900s recorded 
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by both the d18O record presented here and the CESM-LME SST output captures the end and 
reversal of the long-term cooling trend in the region. 
It should be noted that prior to 1840, the nitrogen isotope record, given our current 
interpretation, suggests the presence of different water mass compositions (higher proportions of 
LSW) than the d18O and D14C records. More data is needed to fully understand this discrepancy. 
There are several potential explanations for these differences, including local changes in nitrogen 
cycling, variability in nitrate assimilation, or changes in water mass endmember d15N. Whitney, 
et al.22 have demonstrated that the trophic position of A. islandica in this region have not 
changed since the early 1700s. However, a higher resolution evaluation of trophic position 
through time might help to explain the discrepancy in the d15N record before the 1840s. 
Additionally, sampling resolution is not consistent throughout the d15N record, with a much 
higher resolution record after 1840, in part due to the greater availability of periostracum on live-
caught and hence younger shells. A more detailed study of d15N of dissolved nitrate in the 
different endmember water sources through time is therefore needed.  
 
4.3.2 What are the primary drivers of Gulf of Maine warming? 
Water mass reconstructions that extend beyond the Gulf of Maine instrumental record 
allow, for the first time, an assessment of oceanographic drivers of Gulf of Maine hydrographic 
conditions on centennial time scales. The timing of the warming seen in the Gulf of Maine 
around the 1870s suggested by the d18O record is corroborated by the CESM-LME SST multi-
ensemble mean output and therefore suggests that this trend reversal and warming are caused by 
one or more of the external forcings which drive this model. An attribution study is necessary to 
tease apart the specific external forcings contributing to these hydrographic changes but it seems 
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likely that increases in atmospheric greenhouse gases are the primary driving mechanism, given 
the significant increases in this forcing due to anthropogenic influences seen in the mid to late 
1800s27.  
 
Figure 4.6. Comparison of Gulf of Maine records with western North Atlantic records that 
reconstruct components of the Atlantic Meridional Overturning Circulation (AMOC) strength. 
(a) d18O (this study) and D14C (previously by Lower-Spies, et al.16) records (note reversed y 
axes) and the Boothbay Harbor instrumental record (all lines are three-year running averages); 
(b) The d15N record from this study and previously published by Whitney, et al.22 and a d15N 
record from corals from the Northeastern Channel, entrance of the Gulf of Maine, from 
Sherwood, et al.14; (c) d18O record from foraminifera from a sediment core from the Laurentian 
Channel from Thibodeau et al.35; (d) Sortable silt records from two different sediment cores near 
Cape Hatteras from Thornalley, et al.34. Grey bars indicate century intervals.  
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The CESM-LME SST modeling output does not, however, reveal the specific 
mechanisms by which these forcings translate into a warming in the region. While it is likely that 
some of this observed warming is the result of direct atmospheric surface warming, such a 
driving mechanism would not influence the d15N and D14C records that show similar patterns to 
the d18O record after the 1840s. Therefore, an ocean dynamics driving mechanism must also be 
invoked. While the PDO and AMO both contribute to changes in the d18O record, the AMOC 
appears to be the primary driver of variability in the d18O record over the instrumental period, as 
evidenced from both the 26.5°N instrumental array and the longer Florida Current record. The 
relationship between the AMOC and Gulf of Maine water properties stems from the influence 
that the Deep Western Boundary Current (DWBC), the bottom component of AMOC, has on the 
position of the Gulf Stream6,9,28,29. The DWBC causes bottom vortex stretching, which results in 
a northern recirculation gyre south of the Grand Banks30. A stronger DWBC results in a stronger 
recirculation gyre, which keeps the Gulf Stream farther offshore in that region. The opposite is 
true for a weaker DWBC, allowing the Gulf Stream to shift closer to the Gulf of Maine. The 
position of the Gulf Stream in part dictates the proportion of slope water entering the Gulf of 
Maine29,31. When the Gulf Stream is in a more northerly position (weaker AMOC), and therefore 
closer to the Gulf of Maine, more WSW is brought to the Northeast Channel and more 
southward moving water, including LSW, is blocked from entering the Gulf of Maine10. Saba, et 
al.10 demonstrate, using Geophysical Fluid Dynamics Laboratory (GFDL) global climate models, 
that the robust relationship between AMOC and Gulf of Maine temperatures will lead to extreme 
warming in the Gulf of Maine under increased CO2 conditions (the upper ocean warmed three 
times faster than the average global ocean under a CO2 doubling scenario). This warming results 
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from the continued weakening of the AMOC, caused by increasing freshwater flux into the 
northern North Atlantic32,33.  
While statistically significant, the correlation between AMOC instrumental records and 
the shell d18O record presented here suffers from a shorter instrumental record than either the 
PDO or the AMO so the question of the stability of this relationship through time cannot be 
properly addressed. However, when looking at other reconstructions of AMOC variability, 
several suggest that the AMOC began to weaken at around the end of the 19th century, similar to 
when all three geochemical water mass proxies suggest more WSW started to enter the Gulf of 
Maine.  
Specifically, Thornalley, et al. 34 present sortable silt records from a region just north of 
Cape Hatteras that suggest an abrupt shift to a weaker AMOC state at around 1880, amounting to 
about a 15% decrease in DWBC strength over that period (Figure 4.6)34. Similarly, Thibodeau, et 
al. 35 used a d18O record from benthic foraminifera in sediment cores from the Laurentian 
Channel to suggest that AMOC began to weaken significantly around the turn of the 20th century 
(Figure 4.6). Furthermore, previously published comparisons between the Sherwood, et al. 14 
d15N record in coral from the Northeast Channel and the d15N record shown here for the period 
of overlap (1926-2002) reveal very similar trends that have been shown to not be statistically 
different from each other (Figure 4.6)22. As mentioned above, the Sherwood, et al. 14 record has 
been attributed as a record of AMOC variability, suggesting that changes seen in the A. islandica 
d15N record presented here are likely also influenced by AMOC variability.  
Therefore, comparison of the geochemical proxies from this study with previously-
published proxies of AMOC strength and variability suggest that reconstructed increases in 
WSW entering the Gulf of Maine since the 1870s are largely the result of a weakening AMOC. 
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The CESM-LME multi-ensemble mean SST output for the region suggests that this weakening 
was likely caused by increases in atmospheric greenhouse gas concentrations. These findings 
agree with others that show the anthropogenic increases in atmospheric greenhouse gas 
concentrations have triggered a weakening of the AMOC system recently33,36,37. 
 
4.3.3 Implications for understanding AMOC variability 
There have been multiple, high-resolution records of AMOC variability over the last 
several centuries from proxy and reanalysis data published recently15,34,35,36. These records do not 
all agree in timing and extent of AMOC weakening. Given the complex nature of the AMOC 
system 38, it is not surprising that different paleoceanographic reconstructions of the AMOC 
suggest different AMOC behaviors over the last several centuries. By nature, paleoceanographic 
reconstructions of the AMOC depict certain components of the AMOC (i.e. surface response, 
deep-water current strength, overturning etc.) in site-specific locations. By continuing to produce 
proxy records of AMOC variability from different regions and AMOC components, the scientific 
community can continue to build a better understanding of this oceanographic system, a system 
which has significant impacts on global climate.  
The record presented here suggests that the AMOC rebounded from a weakened state out 
of the Little Ice Age (LIA) in the early 1800s before weakening again starting in the late 1800s. 
This initial rebound is not captured in most of the recent, high-resolution reconstructions of 
AMOC15,34,36, although previously, both Lund, et al. 39 and Wanamaker, et al. 40, found a similar 
rebounded AMOC after the LIA (c.1850). The Thibodeau, et al. 35 record also found a weakened 
AMOC during the LIA but their record does not suggest a rebound in strength afterwards.  
One of the most critical aspects of the recent AMOC weakening which is still unresolved 
is its timing. Determining this timing is critical to understanding whether the AMOC recovered 
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from a weaker state, likely caused by melting of high latitude ice sheets, after the LIA 39,40, 
whether that weakened state persisted due to anthropogenic influences34, or whether AMOC only 
began to weaken due to anthropogenic influences sometime during the 20th century15. The record 
presented here would argue for both a recovery after the LIA and a more recent weakening, 
beginning in the 1870s-1880s.  
 
4.4 Methods 
4.4.1 Proxy archive and geochemical reconstructions 
Arctica islandica are a valuable marine proxy archive as they are long-lived41-43, 
precipitate their shell in annual increments19,44, and have been shown to be valuable recorders of 
environmental conditions19,22,23,41,45,46, including precipitating shell periostracum in isotopic 
equilibrium with nitrogen of dissolved nitrate22, and oxygen isotopes of water and therefore 
record seawater temperature44,47; as well as reliably record changes in the radiocarbon isotopic 
composition of dissolved inorganic carbon in seawater19,40,48. 
Details on processing and dating of A. islandica shell material, which includes the 
development, via crossdating techniques 49,50, of a shell growth chronology incorporating 34 
shells and extending from 1761-2013 (Figure 4.2), can be found in Griffin24 and Wanamaker, et 
al. 23. Briefly, shells were cleaned with deionized water, blocked in epoxy and sectioned along 
their axis of maximum growth. Shell blocks were then polished using a Buelher variable speed 
grinding-polishing wheel. One block was then etched using 1% HCl and imaged for dating 
purposes and the other block was reserved for isotope analysis sampling. All processing and 
analysis took place at the Stable Isotope Lab at Iowa State University unless otherwise noted. 
While the chronology only extends back to 1761 as the express population signal (EPS) drops 
below 0.85 before this date23, individual shells have been dated with a high degree of confidence 
133 
 
farther back in time. Some of the proxy records presented in this study therefore extend back 
before 1761. 
For oxygen isotope analyses, individual annual increments of shells were milled on the 
shell block (Figure 4.2) using a Mechantek micromill with a Leica GZ6 microscope and 
Brasseler USA carbide drill bits. The resulting carbonate powder samples weighed between 100 
µg and 300 µg. Samples were placed in glass vials and put in a sample oven at 50°C to burn off 
any water. Vials were then capped and flush filled with helium gas before samples were acidified 
with phosphoric acid (H3PO4). Samples were analyzed for oxygen isotopes on a ThermoFinnigan 
Delta Plus XL mass spectrometer interfaced with a GasBench II and CombiPal autosampler. 
NBS19, NBS19, and LSVEC were used as reference standards to correct samples using a 
regression method, resulting in oxygen isotope data standardized to VPDB (Vienna Pee Dee 
Belmenite). The long term, average 2s analytical uncertainty for d18O is ±0.18‰. 
Nitrogen isotope analyses were performed using periostracum material, which is the 
quinone-tanned, protein rich layer on the outside of the shell (Figure 4.2). Details on sampling of 
this material as well as the validation of periostracum as a useful proxy for nitrogen isotopes of 
dissolved nitrate in water, can be found in Whitney, et al. 22. The amount of time integrated per 
sample varied. Samples were run for bulk nitrogen isotopes at SIL on a ThermoFinnigan Delta 
Plus XL mass spectrometer interfaced with an Costech Elemental Analyzer. Caffeine (IAEA-
600), IAEA-N2, Cellulose (IAEA-CH-3), and Acetanilide (laboratory standard) were used as 
reference standards to correct samples using a regression method. The resulting nitrogen isotope 
values were standardized relative to Air (atmospheric N2). The average 2s analytical uncertainty 
for d15N was ±0.36‰. 
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Details on sample collection for radiocarbon analysis can be found in the original 
manuscript in which it was published16. Briefly, carbonate material was collected from either the 
outer face of the shell or from the shell block (Figure 4.2). Samples were sent to the National 
Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility at Woods Hole 
Oceanographic Institution in Woods Hole, Massachusetts and sampled using Accelerator Mass 
Spectrometry. Radiocarbon data are presented here as age corrected D14C. The average 2s 
analytical uncertainty in D14C was ±5.8‰. 
 
4.4.3 Assessing Climatic Drivers 
The d18O record was compared to the Boothbay Harbor instrumental record, which is 
located ~16 kilometers away from the shell collection site. Additionally, instrumental records of 
five different climatic drivers known to influence North Atlantic climate variability were 
assessed: the Atlantic Multidecadal Oscillation (AMO), the North Atlantic Oscillation (NAO), 
the Pacific Decadal Oscillation (PDO), the AMOC, and the Florida Current. 
The AMO is an index of SSTs in the North Atlantic where a positive index indicates 
above average SSTs. The record used here uses the recommendation of Trenberth and Shea51, 
who define the AMO as the average North Atlantic SSTs between the equator to 60°N, 0°-80°W 
minus average SSTs between 60°S and 60°N (to account for rising global temperatures). SSTs 
were obtained from the HadSST record, which extends from 1850-present.  
The NAO is an index of the difference in sea level pressure between the Icelandic low 
pressure and Azores high pressure areas. A positive NAO indicates a greater difference in sea 
level pressure. Sea level pressures used to build the NAO index used here are from 
Stykkisholmur, Iceland and Gibraltar. Gibraltar is used here instead of the Azores because these 
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two areas have been shown to have very similar sea level pressures and records from Gibraltar 
cover a longer time period. The data used here are from 1821-present52. 
The PDO is an index of the leading principal component of SST variability in the Pacific 
north of 20°N. A positive PDO value indicates relatively warm SSTs along the coast of North 
America and relatively cool SSTs in the interior Pacific and vice versa. Several studies have 
discussed the link between Pacific decadal variability and North Atlantic climate23,53. Data used 
here are from http://research.jisao.washington.edu/pdo/PDO.latest.txt.  
There is a very short instrumental record of the AMOC from an instrumental array at 
26.5°N 54, which was installed in 2004. Because of the short duration of this record, we have also 
compared our d18O record to a record of Florida Current Strength, a surface component of 
AMOC. This record extends from 1982 to present 
(https://www.aoml.noaa.gov/phod/floridacurrent/index.php). 
 
4.4.4 Modeling using the CESM-LME 
To assess forcings for the changes seen in the geochemical proxy timeseries, we used 
SST modeling output from the Community Earth System Model-Last Millennium Ensemble 
(CESM-LME). The CESM is a fully-coupled, global climate model developed by the National 
Center for Atmospheric Research (NCAR) which produces past, present and future climate 
simulations. The LME is a group of community experiments performed by the CESM1 
Paleoclimate Working Group at NCAR. The LME experiments use CESM1 version 1 and has a 
~1° resolution in the ocean using the sea-ice version of the Parallel Ocean Program version 2 
(POP2) and a 1.9° latitude by 2.5° longitude resolution for the atmosphere based on the 
Community Atmosphere Model version 5 (CAM5). 10 ensemble members have full transient 
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forcing by orbital, solar, volcanic, greenhouse gas/aerosol, and land use/land cover changes over 
the last millennium, with additional individual ensemble forced by individual parameters. The 
model is spun up for 650 years, at which point the model is branched into a control and a 
simulated run. The simulated run is run for an additional 200 years before the simulation was 
started in 850 C.E. and run until 2006 C.E..  
Modeling done for this study employs 13 ensemble members and the multi-ensemble 
mean for SSTs in the Gulf of Maine region is reported here. The output is assessed over a 12 
month period starting in September, since comparison between d18O of the shells and the 
Boothbay Harbor SST record suggests that this is the period in which an annual increment in an 
Arctica islandica shells precipitates (see Section 4.2.2) and therefore is the period that a single, 
annual d18O value represents.  
 
4.4.5 Statistics 
To determine probable climatic drivers of the Gulf of Maine hydrographic variability 
reconstructed here, the correlation between d18O (the only continuous geochemical record 
presented here) and various known climatic drivers was assessed using simple linear regression 
optimized with least squares, Pearson’s r correlation coefficient and associated p values 
(significant at p<0.05, two-tail). The d18O record is an annual record converted to a monthly 
record to compare to other monthly records by distributing the annual value across 12 months 
starting in January. Correlations were performed using KNMI climate explorer 
(https://climexp.knmi.nl).  
Segmented regression analysis was used to determine break points for changes in trend 
for both the d18O data as well as the CESM-LME output. This analysis employs simple linear 
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regression optimized with least squares to find the two regression lines that incorporate all of the 
data and produce the least errors. The place in the time series where the change in regression line 
occurs is termed the breakpoint and can be interpreted as points where climatic trends change. 
One break point with two regressions lines was specified for both the d18O data and CESM-LME 
output. 
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CHAPTER 5.    GENERAL CONCLUSION 
 
5.1 Summary and Importance 
 
Taken together, the three main chapters of this dissertation provide a comprehensive, 
high-resolution, low dating error investigation into oceanic conditions in the Gulf of Maine 
region over the last 300 years. Chapter 2 offers new insights into interpreting isotopic 
paleoceanographic data in the Gulf of Maine by investigating the isotopic signature, including 
oxygen isotopes of water (d18Owater) and nitrogen (d15NNO3-) and oxygen (d18ONO3-) isotopes of 
dissolved nitrate, in modern waters in the region. Without an understanding of how different 
regions of the Gulf of Maine vary in their isotopic composition and what specifically influences 
this composition, it is not possible to interpret the isotopic records measured in Arctica islandica 
shells that precipitated in the past. Chapter 3 shows the potential of using nitrogen isotopes in the 
periostracum of A. islandica shells to reconstruct ocean circulation processes in the past. Such 
methods development is critical to show the strength and challenges of a potential proxy before 
utilizing it in paleoceanographic reconstructions. Chapter 4 then uses the insights gained from 
Chapters 2 and 3 in order to reconstruct water properties and consequently ocean circulation 
changes in the Gulf of Maine over the last 300 years using high-resolution d18O, d15N, and D14C 
data from A. islandica shells and SST output from CESM-LME simulations. 
Understanding Gulf of Maine hydrographic properties over the last 300 years is critical 
for the Gulf of Maine region itself. The Gulf of Maine is a highly productive shelf sea in the 
North Atlantic [O’Reilly and Busch, 1984; Townsend et al., 2010] and as such is home to many 
economically important fisheries [e.g. Ames, 2004; Clark et al., 1982; Harding et al., 1983] that 
are vital to the livelihoods of many people along the bordering coasts. It is also a critical region 
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for many different species, including multiple migrating species, such as the endangered North 
Atlantic Right Whale [Record et al., 2019b; Roberts et al., 2016]. As such, recent dramatic 
changes in the Gulf of Maine, including significant warming, have already had impacts on a 
region vital to both human societies and marine ecosystems [Pershing et al., 2015; Record et al., 
2019a; Record et al., 2019b; Thomas et al., 2017]. An understanding of these changes in the 
context of historical baselines and climate drivers is obviously needed, particularly in the context 
of preparing management strategies for the future sustainability of both the fisheries and the 
ecosystems in the region under a changing climate [e.g. Miller et al., 2013; Pershing et al., 
2015]. 
As emphasized in Chapter 4 of this dissertation, the Boothbay Harbor sea surface 
temperature (SST) record, which is the longest such record in the Gulf of Maine, was established 
in 1905 during what the isotope data indicate was the coldest period in the Gulf of Maine in the 
last 300 years. The data provided in this dissertation reveal the Gulf of Maine to be a much more 
dynamic and variable system, especially over centennial time-scales, than has been thought. 
Such paleoclimate data are therefore critical in order to better understand the expected baselines 
of the Gulf of Maine and the potential drivers of the hydrographic variability reconstructed here. 
The likely link between Atlantic Meridional Overturning Circulation (AMOC) strength 
and Gulf of Maine hydrographic properties over the last 300 years demonstrated in this 
dissertation provides a framework for management strategies for fisheries and ecosystems in the 
region that looks to mitigate detrimental impacts to the Gulf of Maine fisheries and ecosystems 
with climate change. As noted in this dissertation, the AMOC is expected to continue to weaken 
in the future from increased freshwater flux into the Arctic [Caesar et al., 2018; Rahmstorf et al., 
2015; Saba et al., 2016]. This result will lead to continued extreme warming in the Gulf of 
145 
 
Maine region. Therefore, the link between Gulf of Maine hydrographic properties and the 
AMOC, which is shown here to likely have existed for multiple centuries, must be considered 
with any management strategy put forth. 
Understanding past hydrographic changes in the Gulf of Maine also has implications for 
the broader western North Atlantic shelf. As the Gulf of Maine sits at the meeting place between 
two major ocean currents, the Labrador Current and the Gulf Stream [Csanady and Hamilton, 
1988], changes in Gulf of Maine hydrographic properties reconstructed over the last 300 years 
presented in this dissertation have implications for the position and strength of these currents 
through time which in turn aids in understanding past ecosystem changes along the western 
North Atlantic shelf. Many studies have looked at the influence of these major currents on 
different ecosystems today and in the past [e.g. Claret et al., 2018; Keigwin et al., 2003; Marsh 
et al., 1999; Sanchez-Franks and Zhang, 2015] and a better understanding of these current 
dynamics through time will aid in these investigations. 
 
5.2 Future Work 
 
5.2.1 Geochemical changes in water mass endmembers through time 
 
The research presented in this dissertation is a first step in understanding the dynamic 
currents along the western North Atlantic shelf. However, as noted in the chapters of this 
dissertation, interpretations derived from the presented data rely on several assumptions. Most 
critically, interpreting ocean current changes from reconstructed changes in hydrographic 
properties is done through assuming that these changes are related to changes in the proportion 
of these water masses entering the Gulf of Maine and not to changes in the water mass properties 
themselves. Without water property data (such as d18O, d15N, and D14C) from the endmember 
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water masses themselves, that is from locations upstream and downstream of the Gulf of Maine 
before they mix together and enter the Gulf of Maine, it is not possible to test this assumption 
given the current data that we have. 
 
 
Figure 5.1. Map with proposed sampling locations for future work outlined in sections 5.2.1 and 
5.2.2. The red marker is a site proposed for reconstructing the Warm Slope Water endmember. 
The orange markers are sites proposed for reconstructing the Scotian Shelf Water endmember. 
The yellow markers are sites proposed for reconstructing the Labrador Slope Water endmember. 
 
While it is a safe, first-order assumption that the geochemical signatures used in this 
dissertation to differentiate water mass endmembers remain distinct through time because of the 
fundamental differences in the processes that govern their geochemical properties, it is also true 
that other factors may cause these geochemical signatures to change. For example, d15N is higher 
in Labrador Slope Water (LSW) compared to Warm Slope Water (WSW) due to the d15N 
signatures of the mix of water comprising these two water masses. LSW tends to be higher 
because of both the contribution of surface waters, where assimilation of nitrogen by 
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phytoplankton causes dissolved nitrate to have a higher d15N signature, as well as waters from 
the Arctic and Pacific, within which denitrification occurs, also increasing the d15N of the waters 
[Lehmann et al., 2019]. WSW by comparison tends to be composed of waters formed at depth 
with lower d15N signatures. It is possible that the proportion of different waters composing each 
water mass may have changed over the last 300 years, thereby possibly changing the d15N 
signatures of LSW and WSW. In addition, other processes may influence these different nitrogen 
isotope signatures. For example, humans have drastically impacted the nitrogen cycle in recent 
decades, both through fertilizer usage as well as the burning of fossil fuels [e.g. Caraco and 
Cole, 2001; Duce et al., 2008]. Some of this nitrogen is transported as reactive nitrogen (N-
bearing organic compounds, nitrogen oxides, and ammonia/ammonium) by atmospheric 
pathways and deposited in the ocean, where it decreases the d15N signature of surface waters 
[Ren et al., 2017]. This influence on the nitrogen isotope cycle has been documented in some 
coral reefs in the remote western Pacific [Ren et al., 2017] but not in other regions, such as 
Bermuda [Wang et al., 2018], highlighting the fact that regions must be individually investigated 
for anthropogenic influence on nitrogen isotope signatures.  
In addition, D14C varies with water mass due to differences in ventilation and upwelling. 
Therefore, LSW has lower D14C values than WSW for a number of reasons, including that 
convective mixing brings older waters to the surface in the Labrador Sea and Arctic waters 
flowing into the Labrador Sea are less ventilated, having been covered by sea ice. Therefore, 
changes in convective mixing in the Labrador Sea, as has been documented in the past [Moffa-
Sánchez et al., 2014], could, for example, change the D14C signature of LSW. 
Finally, d18O in ocean waters is influenced by both temperature and salinity. Changes to 
either of these properties in endmember water masses is not inconceivable and is in fact likely. 
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For example, several salinity anomalies have been documented to have occurred over the last 
several decades [Belkin et al., 1998; Petrie and Drinkwater, 1993; Salisbury and Jonsson, 2018]. 
These salinity anomalies were the result of a large amount of fresh water being transported south 
along the east coast of North America from higher latitudes via the Labrador Current and were 
caused, at least in part, by increased sea ice export from the Arctic and severe winter weather in 
the Labrador Sea [Belkin et al., 1998]. 
The above examples show that, while it is unlikely that water mass endmember 
geochemical signatures will have changed so much over the last 300 years that they are no longer 
distinct from each other, it is conceivable that more subtle changes in the geochemical signatures 
of these water masses have occurred. Such changes, when viewed from the limited lens of the 
water mass reconstructions in the Gulf of Maine presented in this dissertation, might be 
interpreted as changes in the proportion of different water masses entering the region when in 
fact they are changes in the composition of the water mass endmembers themselves. 
Therefore, it is critical for future research to investigate the geochemical signatures of the 
water mass endmembers themselves throughout the time period of the reconstructions done in 
the Gulf of Maine. This will involve collecting A. islandica shells from the different regions 
where water masses entering the Gulf of Maine originate: the Mid-Atlantic Bight north of Cape 
Hateras for WSW, and in deep water off the Scotian Shelf and on the Tail of the Grand Banks for 
LSW (see Figure 5.1). Ocean circulation modeling will help determine the ideal location for 
sample collection. It may also be beneficial to go farther north to investigate changes in LSW 
closer to the source region in the Labrador Sea, with the caveat that this water is altered 
somewhat as it travels down the western North Atlantic shelf via the Labrador Current before 
reaching the Gulf of Maine, most notably by waters flowing out of the Gulf of St. Lawrence. 
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However, reconstructing LSW north of the Grand Banks will require a different proxy archive as 
A. islandica do not live that far north. Deep-sea corals, such as Primnoa sp., which live in the 
Labrador Sea and along the eastern North Atlantic shelf down to the Grand Banks (and farther 
south) offer an alternative, high-resolution, low dating error proxy archive in this region 
[Sherwood et al., 2005]. 
 
5.2.2 Scotian Shelf Water 
 
The other major assumption made in this dissertation is that water property changes in the 
Gulf of Maine are largely driven by changes in slope waters: LSW and WSW. The above section 
discusses the assumption that these changes are related to the changes in the proportion of these 
slope waters and not the slope waters themselves. However, another assumption that must also 
be addressed is that the proportion and composition of Scotian Shelf Water (SSW), which enters 
the Gulf of Maine at the surface around Cape Sable, is stable through time and therefore does not 
contribute to changes in Gulf of Maine water properties. This assumption is likely not accurate: 
recent studies have documented increased SSW entering the Gulf of Maine in recent years, 
potentially as a result of increased Arctic meltwater [Smith et al., 2012; Townsend et al., 2010]. 
How the proportion of SSW entering the Gulf of Maine has changed through time is not known 
and needs to be investigated. This research will likely require geochemical reconstruction from 
high-resolution, biogenic proxy archives on the Scotian Shelf as well as within the Gulf of Maine 
near Cape Sable where SSW first enters (see Figure 5.1). Such research will document changes 
in geochemical composition along the Scotian Shelf itself as well as changes in water properties 
in the Gulf of Maine. Changes in near-surface water properties located near where SSW first 
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enters can likely be attributed to changes in the proportion of SSW entering the Gulf of Maine, 
provided changes in SSW itself are first assessed. 
 
5.3 Conclusions 
 
Paleoclimate research is by no means perfect and several forms of uncertainty must be 
considered prior to interpreting paleoclimate data. Transfer functions, by which geologic data are 
translated into climate parameters, are constructed using a variety of assumptions about 
interactions between different components of the environmental system as well as the season and 
conditions under which the climate parameter has been preserved in the geologic proxy [Mette et 
al., 2018]. Local versus regional climate signals must be inferred while interpreting paleoclimate 
data [e.g. Moffa‐Sánchez et al., 2019]. Data can be inadvertently biased by scientists through 
sampling techniques, either in the field or in the lab [e.g. Mette et al., 2018], or can have been 
previously modified by diagenesis [e.g. Sayani et al., 2011]. 
Despite some of the limitations, paleoclimate research is an effective manner to 
document and interpret past changes climate in order to understand our climate system today and 
project future changes. For example, data resulting from paleoclimate research is the only reason 
we know that the earth has not experienced atmospheric carbon dioxide levels as high as today 
since the Pliocene Epoch [5.3-2.6 million years ago; Seki et al., 2010], and that the rate of change 
in atmospheric carbon dioxide levels is likely unprecedented in at least the last 66 million years 
[Zeebe et al., 2016]. Without this knowledge, we might be blissfully oblivious to the climate 
crisis that is unfolding before us. 
As noted in this chapter, isotope records presented in this dissertation, like all 
paleoclimate data, require assumptions to be made before interpretation is possible. But even 
with the caveat of these necessary assumptions, these data provide valuable insights into the 
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climatic and oceanographic history of the Gulf of Maine, a vital region not only for those that 
call it home but also for those interested in future changes to our planet with anthropogenic 
climate change. The Gulf of Maine could arguably be called a canary in a coal mine of the 
climate crisis: the region is warming faster than almost any other ocean region on Earth 
[Pershing et al., 2015]. Understanding this warming in the context of the last 300 years will go a 
long way towards understanding what may be to come for both the Gulf of Maine and other 
regions of the world’s oceans.   
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APPENDIX. SUPPLEMENTARY MATERIALS FOR CHAPTER 3 
A.1 Additional Methods 
 
A.1.1 Additional details for Section 3.3.2: Sampling for periostracum, carbonate, and 
adductor muscle 
Periostracum samples were obtained using a razor blade after soaking the shell in 
deionized (DI) water for ease of removal. When possible, periostracum was sampled from the 
axis of maximum growth to ensure least number of years subsampled. For samples used to 
compare bulk d15N between periostracum, carbonate, and adductor muscle, periostracum was 
sampled by running a razor blade along the very outer margin of the shell to remove the 
outermost layer of periostracum. Subsequently, the outer margin carbonate was either hand 
drilled with a Dremel hand tool to collect carbonate powder or carefully broken off with pliers 
and ground with mortar and pestle. Periostracum samples were put in a bath of 0.1M HCl to 
remove any CaCO3 material. The periostracum samples were left in the 0.1M HCl for ~10 
minutes before being rinsed in DI water. The HCl bath was repeated if necessary until carbonate 
was no longer visible and bubbling stopped. Samples were dried in an oven at 45°C to 50°C for 
between 2 and 12 hours. Once dry, the sample was ground with mortar and pestle to ensure 
homogenization.  
 
 
A.1.2 Additional details for Section 3.3.6: Amino acid concentration analysis 
 
The running conditions for the gas chromatograph interfaced to the FID as well as the 
combustion-isotope ratio mass spectrometer were as follows: initial temperature 70°C held for 2 
min; ramped to 90°C at 4°C min-1, held for 2 min.; ramped to 190°C at 4°C min-1, held for 0 
min.; ramped to 280°C at 25 °C min-1, held 10 min before cool down. 
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A.1.3 Additional details for Section 3.5.2: Periostracum as a viable d15N proxy archive 
alternative to carbonate and soft tissue 
 
It should be noted here that sampling technique, where only the very edge of the shell 
was sampled for comparison between periostracum and shell-bound organic matrix d15N, was 
essential in comparing the d15N between the two tissue types. Because of the large amount of 
sample required for d15N analysis of the shell-bound organic matrix, samples taken from the 
middle of the shell would require deep milling paths, resulting in time averaging between the 
target top increment and other increments forming beneath this top increment (see Fig. 1C for a 
cross-section diagram of the A. islandica shell). Sampling along the very edge of the shell 
prevented this problem as the edge is composed only of the last increment to form. However, this 
sampling technique did not allow targeted years to be sampled as sampling options were limited 
to the years that the clams died or were caught. Therefore, sampling the shell for d15N of 
individual increments is very challenging, which further suggests the need to develop alternative 
proxy archive, such as periostracum, for d15N incorporated by A. islandica. Time averaging also 
likely contributed to the reason that we did not find a significant relationship between tissue d15N 
and carbonate or periostracum d15N. The two substances integrate varying amounts of time and 
thereby preserve different isotope signatures (Gillikin et al., 2017; Misarti et al., 2017). 
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A.2 Supplementary Figures and Tables 
A 
 
B 
 
Supplementary Figure A.1. Maps of the study site region. (A) Map of western North Atlantic 
ocean showing major surface ocean currents, the Gulf Stream (red arrow) and Labrador Current 
(blue arrows). Black box is the region shown in (B). (B) Map of the Gulf of Maine showing 
surface currents (black arrows) and sample locations (blue dots: 1: Seguin Island; 2: Darling 
Marine Center and Damariscotta River estuary; 3: Isle au Haut; 4: Jonesport; 5: Cobscook Bay). 
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Supplementary Figure A.2. Plots of amino acid relative % concentration versus the age of the 
specimen at the time that the sample was laid down (A) and the year that the sample is dated (B). 
Glycine and tyrosine are plotted on the right axis in both A and B. Although some variability 
exists, no statistically significant (p<0.05) trends with age or year are present.  
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Supplementary Table A.1. Table of the percent concentration of each amino acid composing the 
lab standard used to correct the d15N of amino acids measured in periostracum. Percent 
concentrations were determined based on the percent concentration of amino acids making up 
periostracum from four periostracum samples cleaned using a Dowex cation exchange column 
between the hydrolysis and derivatization sample preparation steps. Samples were dissolved in 2 
mL of 0.01M HCl and run through a cation exchange column. Cation exchange columns were 
made by mixing Dowex 50WX8-400 ion exchange resin with 0.01N HCl until a slurry formed. 
The slurry was then transferred into a small pipette plugged with quartz wool so that each pipette 
contained approximately 5 cm of Dowex slurry. The dissolved samples were transferred into the 
column and rinsed with 1 mL of 0.01N HCl before eluted with approximately 4 mL of 2N 
ammonium hydroxide (or until the whole sample had passed through the column). The sample 
was then rinsed with E-pure water and dried down under a N2 atmosphere. This step did not 
significantly impact the amino acid composition of the periostracum. Standards used to make up 
this lab standard were L-amino acid analytical standards from Sigma Aldrich. 
 
Amino Acid Percent concentration in lab standard 
(%) 
Aspartic Acid 2.19 
Glutamic Acid 1.90 
Glycine 55.95 
Isoleucine 2.68 
Leucine 2.16 
Lysine 3.12 
Methionine 2.13 
Phenylalanine 4.33 
Proline 3.37 
Serine 1.55 
Threonine 0.59 
Tyrosine 18.7 
Valine 1.23 
  
Supplementary Table A.2. Sediment d15N values collected from Tank A of an experiment at the 
Darling Marine Center conducted in 2010. Values from Beirne (2011). 
Sediment ID d15N (‰ Air) 
Sed-1 5.48 
Sed-2 5.34 
Sed-3 5.51 
Sed 4 5.95 
Sed 5 4.43 
Sed-6 5.30 
Sed-7 5.73 
Sed-8 6.14 
Sed-9 6.10 
Sed-10 6.78 
Average 5.68 
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